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“It’s the questions we can’t answer that teach us the most.
They teach us how to think.
If you give a man an answer, all he gains is a little fact.
But give him a question and he’ll look for his own answers.”
— Patrick Rothfuss, The Wise Man’s Fear
“With magic, you can turn a frog into a prince.
With science, you can turn a frog into a Ph.D
and you still have the frog you started with.”
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Referat:
Die vorliegende Arbeit befasst sich mit der magnetoelektrischen (ME) Kopplung in multifer-
roischen Dünnfilm-Multilagen aus BaTiO3 (BTO) und BiFeO3 (BFO). Multiferroika besitzen
mehr als einen ferroischen Ordnungsparameter, in diesem Fall Ferroelektrizität und Antifer-
romagnetismus. Eine Kreuzkopplung dieser anderweitig separaten Ordnungsparameter birgt
großes Potential für die Anwendung in Multistate-Speichermedien, Spintronics und sogar dem
medizinischen Bereich. Die erste Hürde dieses Forschungsbereichs ist die Rarität von Multifer-
roika. Eine zweite besteht darin, dass viele Multiferroika, sowohl intrinsicher als auch extrin-
sischer Natur, nur geringe magnetoelektrische Kopplungs-Konstanten aufweisen. In vorange-
gangenen Studien wurde eine Erhöhung des ME Kopplungs-Koeffizienten αME in BTO-BFO
Multilagen, hergestellt mittels gepulster Laser-Deposition (PLD), um eine Größenordnung
gegenüber Einzellagen des intrinsischen Multiferroikums BFO festgestellt. Jedoch ist der ME
Kopplungs-Mechanismus in derartigen Heterostrukturen bisher noch kaum erforscht. In dieser
Arbeit haben wir mit Hilfe einer Auswahl von strukturellen, chemischen, elektrischen und
magnetischen Charakterisierungsmethoden versucht, den αME-Koeffizienten zu maximieren
und ein tieferes Verständnis dieser verstärkten ME Kopplung zu gewinnen.
Im Vergleich von BTO-BFO Multilagen und Einzellagen zeigten sich nicht nur verbesserte
ME-Kopplung, sondern auch verringerte Mosaizität, Rauigkeit und Leckstrom-Dichte in Mul-
tilagen. In Anschluss an eine parametrische Proben-Optimierung wurden durch die Ein-
führung einer Schattenmaske im PLD Prozess atomar glatte Grenzflächen und drastisch
verbesserte ferroelektrische Eigenschaften erzielt. Der höchste αME-Koeffizient wurde mit
480 Vcm-1Oe-1 für eine Multilagen-Probe mit nur 4.6 nm Doppellagen-Dicke gemessen, was
eine Verstärkung um zwei Größenordnungen gegenüber dem Wert von 4 Vcm-1Oe-1 für eine
BiFeO3 Einzellage entspricht. Wir haben eine inverse Korrelation von αME mit der Doppellagen-
Dicke ddl aufgezeigt. Der Einfluss von Prozessgas-Druck und Verhältnis von BTO-BFO auf
αME erwies sich als vernachlässigbar im Vergleich zu dem Einfluss von ddl. Im Vergleich zu
BFO Einzellagen zeichnen BTO-BFO Multilagen charakteristische Veräufe von αME mit dem
externen Magnetfeld und der Messtemperatur ab. Wir schlussfolgern aus diesen Tatsachen die
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Abstract:
The presented thesis explores the magnetoelectric (ME) coupling in multiferroic thin film
multilayers of BaTiO3 (BTO) and BiFeO3 (BFO). Multiferroics possess more than one ferroic
order parameter, in this case ferroelectricity and anti-ferromagnetism. Cross-coupling between
these otherwise separate order parameters promises great advantages in the fields of multistate
memory, spintronics and even medical applications. The first major challenge in this field of
study is the rarity of multiferroics. Second, most known multiferroics, both intrinsic and
extrinsic in nature, possess very low ME coupling coefficients. In previous studies conducted
by our group, BTO-BFO multilayers deposited by pulsed laser deposition (PLD) showed
a ME coupling coefficient αME enhanced by one order of magnitude, when compared to
single-layers of the intrinsic multiferroic BFO. However, the mechanism of ME coupling in
such heterostructures is poorly understood until now. In this thesis, we used a selection of
structural, chemical, electrical and magnetic measurements to maximize the αME-coefficient
and shed light on the origin of this enhanced ME effect.
The comparison of BTO-BFO multilayers over single-layers revealed not only enhanced
ME-coupling, but also reduced mosaicity, roughness and leakage current density in multilayers.
Following a parametric sample optimization, we achieved an atomically smooth interface
roughness and vast improvements in the ferroelectric properties by introducing a shadow
mask in the PLD process. We measured the highest αME-value so far of 480 Vcm-1Oe-1 for a
multilayer with a double-layer thickness of only 4.6 nm, two orders of magnitude larger than
the coefficient of 4 Vcm-1Oe-1 measured for BFO single-layers. The αME-coefficient in these
multilayers stands in an inverse correlation with the double-layer thickness ddl. The influence
of oxygen pressure during growth and BTO-BFO ratio on αME was shown to be neglible in
comparison to that of ddl. From the characteristic dependencies of αME on magnetic bias field,
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A great deal of progress in the field of miniaturized electronics is driven by the discovery
and advancement of novel materials and physical phenomena. In this context, research
of multifunctional materials is gaining a lot of interest in the scientific community. One
particular class of materials has shifted into the focus of attention over the last two
decades: magnetoelectrically coupled multiferroics.
Multiferroics are materials with more than one ferroic order parameter. Generally,
the two most relevant ferroic properties combined in multiferroics, which can be in-
trinsic or extrinsic in nature, are ferroelectricity and ferromagnetism. Magnetoelectric
(ME) coupling in such materials allows the exertion of influence over one order param-
eter via the associated field of the other, e.g. the manipulation of electrical polarization
by a magnetic field, called the direct magnetoelectric effect. Realizing a robust room
temperature multiferroic, which additionally shows a sufficiently large magnetoelec-
tric coupling, would open up a number of fascinating application options. One of
the greatest goals of multiferroics research is the implementation of volatile magnetic
memory devices that are switched by voltage pulses, which promises to lower the power
consumption by an order of magnitude relative to devices based on the giant magneto-
resistance effect [1, 2]. Multiferroics also find application in the field of spintronics [3]
and in novel high precision magnetic sensor devices [4, 5]. Generally the largest ME
effects, in particular in the field of sensor devices, have been reported for laminate
composite multiferroics operated at electromechanical resonance frequencies [6]. Off-
resonance, however, the ME effect is typically fairly weak. This poses a problem for
a number of potential applications. For example, ME devices are being targeted for
the use in therapeutic, highly miniaturized neural stimulation devices [7], which use
a magnetic AC signal to generate an electric pulse via an implanted magnetoelectric
microchip. Such a technique, however, requires the operation at low frequencies in
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the order of 100 Hz, far lower than the typical electromechanic resonance frequencies
ranging from several kHz to MHz.
One of the most fundamental challenges of multiferroics research remains the rarity
of intrinsic room temperature multiferroics. The underlying physics responsible for the
formation of a ferroelectric and magnetic order in a material are substantially at odds
with one another [8]. A brief outline of the theory of multiferroics and magnetoelectric
coupling is provided in Chapter 2. Consequently, the discovery of a significant ME ef-
fect in thin films of one of the few single-phase room temperature multiferroics, BiFeO3
(BFO), was incremental in sparking the current boom of research in this field [9]. Ex-
trinsic multiferroics, i.e. heterostructures that gain their multiferroicity from either
compounding individual ferroic materials, or by exploiting interface effects, provide a
more far-reaching playground for exploration [10]. The semiconductor physics group
at the Univertsity of Leipzig has been investigating epitaxial heterostructures of the
ferroelectric BatiO3 (BTO) and multiferroic BFO since 2014. Both solid solutions and
multilayers of these two materials were shown to possess enhanced ME coupling co-
efficients by up to an order of magnitude, relative single layers of BFO [11]. Of the
two, multilayers of BTO-BFO, depicted schematically in Fig. 1.1, have more malleable
properties and allow a more direct manipulation of design parameters. This thesis
focuses on the advancement of the understanding of their structural, ferroic and mag-
netoelectric properties. In Chapter 3, we elaborate on the fundamental properties of
the constituent materials and the state of research into related heterostructures.
SrTiO3
Figure 1.1: Schematic depiction of a thin film multilayer structure consisting of BaTiO3 and
BiFeO3 on a SrTiO3 substrate.
Despite excessive research in the field of magnetoelectrics in recent years, the mi-
croscopic origins of the ME coupling effect in both intrinsic and extrinsic multiferroics
are currently still poorly understood. In this thesis, we take a largely phenomeno-
logical approach to explore the differences between ME coupling in BFO single layers
and BTO-BFO multilayers. We used the physical vapor deposition technique of pulsed
laser deposition (PLD) to deposit said multilayers and an array of structural (XRD,
AFM, TEM), chemical (EDX, ToF-SIMS) and ferroic property characterization (DHM,
2
VSM) techniques to investigate the sample properties in combination with measure-
ments of the ME coupling coefficient αME. The mentioned experimental techniques are
explained in Chapter 4.
The purpose of this thesis is to complement, clarify, and expand upon the known
body of work on BTO-BFO multilayers. The crystalline structure of single-layers and
multilayers has been previously optimized, yet the exact influence of temperature and
oxygen pressure during growth on the ferroic and ME properties requires further re-
search. Furthermore, a lack of controlled interface roughness, high droplet density and
low breakdown field strength of multilayer samples necessitates appropriate counter-
measures. To that effect, we studied the impact of laser fluence, lateral offset and
eclipse-PLD on the sample properties. This work also provides an insight into the
implications of various multilayer design aspects. Previously conducted studies were
restricted to the variation of the BFO sub-layer thickness, which we augment by the
explicit variation of the double-layer thickness and relative thickness ratio. Ultimately,
this thesis tries to define the key parameters of design and growth conditions, which
amplify the ME coupling in BTO-BFO multilayers and sets them apart from BFO
single-layers.
The experimental results we have obtained through variation of the deposition con-
ditions and design parameters are presented in Chapter 5. In addition, we have ex-
plored the advantages of the advanced deposition technique eclipse-PLD and advanced
measurement techniques, such as polarized neutron reflectometry (PNR). Finally, we
provide a summary of the main insights gained throughout this thesis and provide an
outlook on potential future work in Chapter 6.
The experimental work cited in this work was conducted in the Semiconductor
Physics group at the University of Leipzig, in the context of the collaborative research
center SFB 762: Functionality of Oxide Interfaces and in cooperation with the Quan-
tum Solid State Physics group at the KU Leuven in Belgium. Key parts of the results
have been published in Refs. H1-H4 and a review of the work conducted in the frame-






This chapter provides the foundation for a general understanding of ferroicity, multi-
ferroics and magnetoelectricity. In Sec. 2.1 we define the concept of generalized ferroic
order, discuss the microscopic origins of ferroelectricity and ferromagnetism, and the
rarity of multiferroics. The theory of magnetoelectric coupling and the definition of
the direct linear ME coefficient αME are introduced in Sec. 2.2.









Figure 2.1: Generalized hysteresis curve of the order parameter of a ferroic material in the
related field.
Ferroic materials are characterized by a broken inversion symmetry (spacial or tem-
poral), which gives rise to a long-range order parameter that can be influenced by a
corresponding field [12]. Cycling of said field gives rise to a hysteretic (from Greek,
meaning “lagging behind”) behavior, as depicted in Fig. 2.1. Macroscopic regions in
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space that have a defined orientation of the order parameter are called domains. The
order parameter has at least two opposing orientations and switching of the overall
macroscopic order is achieved by field induced growth of the domains (see Fig. 2.1).
All ferroic materials possess a critical temperature, above which the long range order
does not persist. Today, four types of ferroicity are generally recognized [1, 12]:
• Ferroelectricity: materials with spontaneous polarization P that can be switched
by an electric field E,
• Ferromagnetism: materials with spontaneous magnetization M that can be
switched by a magnetic field H ,
• Ferroelasticity: materials with spontaneous deformation ε that can be switched
by stress σ,
• Ferrotoroidicity: materials with spontaneous order of the nature of the curl of
local magnetization or polarization, switchable by simultaneous application ofH
and E. Ferrotoroidicity is expected by analogy to the former three, but has yet
to be proven experimentally [1].
The term ferroic was coined due to the similarity of the other phenomena to ferromag-
netism (lat. ferro-, referring to iron), which was discovered long before the others.
2.1.1 Ferroelectricity
The order parameter in ferroelectrics is the electrical polarization P . It is linked to
the dielectric displacement D and the electric field E by the equation:
D = ε0E + P , (2.1)
where D is defined by the density of free charges ρf as
div D = ρf (2.2)
and ε0 is the vacuum permittivity (ε0 = 8.854× 10−12 F m−1). The total polarization
in a ferroelectric material is the product of a field dependent component PE and the
spontaneous polarization PS, which is present also at zero field. By introducing the
electric susceptibility χel and the relative permittivity εr =1+χel , we can express PE
as:
PE = ε0χelE , (2.3)
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Figure 2.3: Ferroelectric hysteresis curve of an (a) ideal, mono-domain ferroelectric and (b)
a real, polycrystalline/polydomain ferroelectric.
and further
D = ε0εrE + PS . (2.4)
The simplest cause of a spontaneous polarization in a solid is the dipole moment
created by ionic displacement in a structure with broken centrosymmetric symmetry,
like in the model ferroelectric BaTiO3. In the case of a paraelectric material, the free
energy relative to the displacement of an ion in a centrosymmetric lattice takes the form
of a parabola, as depicted in Fig. 2.2 a). In a (tetragonal) ferroelectric, the free energy
landscape is a double-well potential with two semi-stable ionic displacement positions,
i.e. two opposing polarization orientations, also depicted in Fig. 2.2 a). Transferring
the ion from one position to the other requires energy. Application of an external
electrical field will shift the double well potential as depicted in Fig. 2.2 b) and c).
Above the coercive field Ecoer the polarization is switched from one state to the other.
In an ideal single crystalline, single-domain ferroelectric, the field dependent polar-
ization takes the form of the curve depicted in Fig. 2.3 a). In accordance with Eq. 2.4,
there is a linear field dependent component and a non-zero spontaneous component
at zero field PS. In a polycrystalline, poly-domain ferroelectric, switching occurs not
sharply at Ecoer, but within a distribution around Ecoer, reflecting the imperfections
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of a real ferroelectric. As a result, the remanent polarization Prem is smaller than
PS, though PS can be estimated by extrapolation from the saturated portion of the
curve (see Fig. 2.3 b)). The mixed-domain remanent state of a partially polarization-
reversed ferroic is depicted in Fig. 2.1. The critical temperature, above which the
ferroelectric (FE) long range order disappears, is called the Curie temperature TCurie.
2.1.2 Ferromagnetism and Anti-ferromagnetism
The order parameter in ferromagnet is the magnetic polarization, or magnetizationM .
It is linked to the magnetic flux density B and the magnetic field strength H by the
relation:
B = µ0 (H + M ) , (2.5)





and µ0 is the vacuum permeability (µ0 = 4π × 10−7 V s A−1m−1). Analogous to fer-
roelectricity, one defines the magnetic susceptibility χm and relative permeability µr
=1+χm such that:
M = χmH (2.7)
and
B = µ0µrH = µ0 (1 + χm)H . (2.8)
In the case of materials without magnetic order, leading to a spontaneous magnetization
MS, χm is linear. Diamagnetism (χm < 0) occurs in all materials as a response of
paired electrons to an external magnetic field. Materials with unpaired spins, i.e.
atomic magnetic moment, exhibit paramagnetism (χm > 0). In ferromagnets, χm is
non-linear due to hysteretic behavior. The magnetic ordering in ferromagnets is due
to strong exchange interaction (direct, super- or double-exchange) between atoms with
uncompensated spins. In addition to ferromagnetism, two related phenomena with
anti-parallel coupling are known: anti-ferromagnetism and ferrimagnetism. In the case
of anti-ferromagnetism, the coupled spins are of the same magnitude and hence cancel
each other out on an unit-cell and macroscopic level. In ferrimagnets, the coupled spins
are unequal and do not cancel each other out completely. The critical temperature,
above which the magnetic long range order disappears, is called the Curie temperature
TCurie in the case of ferro- and ferrimagnets and the Néel temperature TNéel in the case
of anti-ferromagnets.
8
2.1. Primary Ferroic Properties
2.1.3 Multiferroicity
A multiferroic material is one that exhibits at least two of the ferroic order parameters.
Most ferroelectrics are inherently also ferroelastic [13]. However, it is a widespread
practice to imply the presence of ferromagnetism - or any kind of magnetic order [14]
- alongside ferroelectricity when using the term. One makes a distinction between in-
trinsic multiferroics, which exhibit multiferroicity within a single phase, and extrinsic
multiferroics, for which multiferroicity is the product of combining two or more ma-
terials. Intrinsic multiferroics can be further categorized as split-order and joint-order
multiferroics [15]. In split-order multiferroics, ferroelectricity and magnetism arise in-
dividually. In joint-order multiferroics, one ferroic property arises as a result of the
other. Principally, joint-order multiferroics would be expected to show a stronger ME
coupling than split-order multiferroics. Practically they typically show vastly smaller
polarizations and critical temperatures far below room temperature [15], which is highly
disadvantageous for any generic application.
Intrinsic multiferroics are exceedingly rare, in particular when adding the restraint
of room temperature stability. In part, this can be explained by the restrictions that
symmetry aspects of the occurrence of ferroic properties impose on a material, leaving
only a small number of symmetry point groups that favor multiferroicity in a crys-
talline material [12]. Another approach is to consider the origins of magnetism and
ferroelectricity [8, 16]. Most known ferroelectrics are insulating transition metal ox-
ides. Generally speaking, the source of magnetism in insulating oxides is the exchange
coupling of uncompensated electrons from the partially filled d or f orbitals of the
transition metals. On the other hand, most conventional ferroelectrics such as the
ABO3 type perovskites BTO and Pb(Zr, Ti)O3 gain their electric polarizability from
the off-centering of the B-site cation, which requires an empty d-orbital [8, 16]. Un-
conventional ferroelectrics, like the lone-pair multiferroic BFO, see Sec. 3.4, seemingly
circumvent these generalized restrictions. In BFO, the magnetic order is inherent to
the A-site d5 Fe3+ sub-lattice and the ferroelectricity originates not from the geomet-
rical off-centering of the B-site cation, but from the stereo-chemically active 6s2 Bi3+
electrons. Closely related is BiMnO3, which exhibits both ferroelectricity below 550 K
and ferromagnetism, but only below a transition temperature of 105 K [17]. A handful
of other mechanisms exist that allow multiferroicity, such as ferroelectricity through
geometric constraint and spin driven mechanisms, see Ref. 15. However, BFO has so
far persisted as the only robust room temperature multiferroic.
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2.2 Magnetoelectric Coupling
When considering a material with long range ferroelectric, magnetic and strain order-
ing, a number of possible cross-coupling interactions arise. The linear or quadratic
coupling between strain and polarization is called piezoelectricity or electrostriction,
and likewise the coupling of strain and magnetism is known as piezomagnetism or mag-
netostriction, respectively [1]. The coupling of polarization and magnetism is called
linear (quadratic) magnetoelectricity. ME coupling is defined as the change of polar-
ization in response to a magnetic field, converse ME coupling describes the change of
magnetization in response to an electric field.
2.2.1 Theory of Magnetoelectric Coupling
Using the Einstein summation convention, one can express the free energy F in a
material that possesses both magnetic and dielectric moments as [1, 18,19]:












γijkHiEjEk − · · ·
(2.9)
The second and third terms denote the field dependent spontaneous polarization and
magnetization. The fourth and fifth terms describe the linear response of polarization
to an electric field and the response of magnetization to a magnetic field. The sixth
term refers to linear ME coupling, the seventh and eighth to quadratic ME coupling,
and so on. αij, βijk and γijk are the respective ME coupling coefficients. The formalism








βijkHjHk + γijkHiEj − · · ·
(2.10)








γijkEjEk − · · ·
(2.11)
In this thesis, the longitudinal linear ME coupling voltage coefficient αME, from now on
simply referred to as the ME coefficient, is defined in terms of the induced voltage UME
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and the capacitor thickness t using the expression for the ME tensor αij in Eq. 2.10,










= ε0εrαME . (2.12)
A relation for the upper bound to the ME tensor αij can be found by demanding the
sum of first three terms in Eq. 2.9 be greater zero [20]. Omitting the higher order
terms, the expression simplifies to:
α2ij ≤ ε0µ0εiiµjj . (2.13)
Hence, materials with both high permittivity εr and permeability µr are expected to ex-
hibit the largest ME effects. While ferroelectrics (ferromagnets) generally tend to show
large permittivity (permeability), it is not necessarily a prerequisite for ferroelectricity
(ferromagnetism) and typically not the case for intrinsic multiferroics [1]. In practice,
αij is much smaller than this upper limit [13]. The ME effect is further limited by the
small values ofMS in intrinsic room temperature multiferroics, almost all of which are
weak canted anti-ferromagnets [13].
2.2.2 Magnetoelectric Multiferroic Heterostructures
The restrictions of Eq. 2.13, as well as the constraints for multiferroicity can be over-
come by including composite materials in the considerations. Multiferroic ME com-
posite materials can consist of any number of combinations of ferroelectric, magnetic,
multiferroic, piezolectric, magnetostrictive, etc. components. One way to character-
ize composite materials is by the components’ approximate dimensionality using the
Newnham notation: for example, 0-3 would refer to nano-particles embedded in a 3D
matrix or a solid solution and 2-2 to a bi- or multilayer thin film structure [21]. In
such composites, the ME effect may either be a sum property, a scaling property or a
product property [18, 22]. A sum property is the combined effect of both materials, a
scaling property is an enhancement of both materials’ individual effects and a product
property denotes an emerging effect that is absent in both individual materials. The
indirect coupling of a piezoelectric and a magnetostrictive phase mediated by strain
is an example of such a product property. A side note on nomenclature: the term
heterostructure applies to all structures that combine at least two distinct materials,
such as substrate and film. A multilayer consists of a repeated stacking sequence of
at least two distinct materials, typically, but not necessarily in a periodic fashion. Su-
11
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Figure 2.4: Reported αME-values measured out of resonance for left : bulk composite struc-
tures and right : thin film composite structures. Connectivity scheme in Newnham notation
as color-coded. The image is directly adapted from Ref. 23.
perlattices are well ordered periodic multilayers and are generally referred to as such
if the individual layers consist of countable monolayer units.
Bulk particulate composites were primarily investigated in the earlier stages of mag-
netoelectrics research, but they generally show small ME effects and suffer from high
leakage currents [5]. Instead, most current research focuses on laminated bulk com-
posites or thin film heterostructures [23]. Of these two, thin film heterostructures offer
greater freedom in design and control over the fabrication process, as well as more direct
mechanical and chemical bonding. In particular the engineering of interface structures
via strain and layer thickness, as well as control over crystalline quality, structure and
orientation led to stronger coupling of the constituent components [2, 23, 24]. A com-
parison of the magnetoelectric coupling coefficients of various such material systems is
presented in Fig. 2.4. A similar comprehensive comparison can be found in Ref. 25.
The ME effect in purely strain-coupled composites is found to be highly depen-
dent on the relative proportions of the constituent piezoelectric and a magnetostrictive
phases [5, 10]. The αME vs. composition curve can be described as a skewed upside
down parabola, αME tending towards zero for pure compounds and reaching a max-
imum for intermediate compositions, which is constituent with the theoretical model
of a product property [26, 27]. Typical choices for the ferroelectric phase are BTO,
(Pb, Zr)TiO3 (PZT), Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT), or polyvinyl-difluride.
Magnetostrictive components are either metals like Ni or Co, alloys such as Metglas or
Terfenol-D, or oxides like La0.7Sr0.3MnO3 (LSMO) or CoFe2O4 [23] (see also Fig. 2.4).
An ME effect can even be measured in commercially available BaTiO3-Ni multilayer
capacitors [28, 29]. These kind of composites typically show αME -coefficients of a few
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V cm−1 Oe−1 at most frequencies and up to two orders of magnitude enhanced values
when measured at electromechanical or ferromagnetic resonance [2, 23]. However, the
ME effect is mostly negligible, if no bias magnetic field Hbias is applied, or if Hbias is
larger than a few 100 Oe [5, 24]. Measured at optimized Hbias, some macroscopic com-
posites of Metglas or Terfenol-D with ferroelectric materials show αME -values in the
order of several tens of V cm−1 Oe−1, as shown in Fig. 2.4. These material systems are
hence currently the cutting-edge forerunners for application purposes, against which
other magnetoelectrics are to be compared.
A number of other, interface-driven ME coupling effects have been identified over
the past two decades. Charge-mediated coupling is based on the sensitivity of the mag-
netism in strongly correlated oxides on the charge carrier density [25]. ME coupling at
PZT-LSMO interfaces can reach similar magnitudes as in strain-coupled heterostruc-
tures [10, 30]. There are also reports of strain and charge co-mediated coupling, for
example in PMN-PT-Ni0.79Fe0.21 [31] and BTO-LSMO [32] heterostructures. Other
ME coupling mechanisms like interface orbital reconstruction [33,34] and charge order-
ing [34] have attracted academical interest, but have not yet shown to produce sizable
αME -values. Exchange bias coupling makes use of one of the weaknesses of intrinsic
multiferroics like BFO, Cr2O3 and YMnO3, which is their anti-ferromagnetic ordering.
In contact with a ferromagnet such as FeCo or NiFe, interface-spin coupling produces
a horizontal shift of the M(H)-curve, called exchange bias. Controlling magnetism via
exchange coupling is however limited to very thin layers of ∼10 nm of the ferromagnetic
component [25].
Another emerging factor to be considered in particular in perovskitic metal oxide
heterostructures is the tilting of oxygen octahedra (see Sec. 3.1, [35-37]). The rotation
of oxygen octahedra in perovskite oxides plays a crucial role in determining many of the
materials’ properties, as especially magnetism and ferroelectricity are highly sensitive to
variations in bond angles [37]. Hence, the interfaces of materials with differing systems
of oxygen octahedral tilt (OOT) are discontinuities with the potential for substantial
novel effects. Disruption of an OOT system through geometric constraints can be
blocked by just one monolayer of a tilt-free material [38], or in other cases propagate






This chapter gives an overview over the materials used in this thesis. All materials used
are perovskite oxides with closely matched lattice constants, which is advantageous for
hetero-epitaxy. A brief summary of publications concerning heterostructures based on
BFO and in greater detail BTO-BFO heterostructures is presented.
3.1 The General Structure of Perovskites ABX3
b
c
a A     B    X
|a|=|b|=|c|
α=β=γ=90°
Figure 3.1: Generalized perovskite structure ABX3 in two equivalent settings.
Perovskites are widely considered to be a particular versatile and technologically rele-
vant crystal system [39, 40]. Named after the titular mineral Perovskite CaTiO3, this
class with the generalized sum formula ABX3 includes insulators such as SrTiO3 [39],
metallic conductors like SrRuO3 [41], high-capacity ferroelectrics like BaTiO3 [42],
multiferroic BiFeO3, high temperature superconductors like YBa2Cu3O7–x [39], and a
promising novel type of solar cell materials [43]. As complex metal oxides, they can
accommodate a wide range of crystal defects [44]. In the extreme, ordered defects are
the source of exceptional material properties, such as the superconductivity in certain
cuprates [45]. The archetypical cubic ABX3 perovskite structure is depicted in Fig. 3.1.
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A and B form two nested cubic lattices with X in the center between adjacent B atoms,
forming corner-sharing BX6 octahedra.
The ideal perovskite is cubic with Pm3̄m symmetry, from which a large number of
lower symmetry structures is derived. The crystal lattice angles α, β, γ are all equal to
90◦ and the lattice constants a, b, c are all of the same length. Depending on factors
like cation size ratio and temperature, three types of distortions of the ideal cubic
structure can occur: distortion of the BX6 octahedra, B cation displacement and BX6
octahedral tilting [46, 47]. In fact, the perovskite structure can so easily adapt these
predominantly subtle distortions that the ideal centrosymmetric cubic symmetry is only
rarely found, such as in SrTiO3 at room temperature. In fact, even the archetypical
CaTiO3 crystallizes in a monoclinically distorted structure. Some distortions, such as
the distortion of the TiO6 octahedra and displacement of Ti4+ in P4mm symmetric
BaTiO3 retain the fourfold rotation axis and do not allow octahedral tilting [46,47]. In
the case of oxide perovskites, one speaks of oxygen octahedral tilt (OOT). Octahedral
tilting systems are typically classified using the notation introduced by Glazer [46,48]
with the symbols a∗b∗c∗. Here, a, b, c denote tilting toward the three spacial directions
x, y, z about which tilting of the BX6 octahedra can occur, the repetition of a letter,
such as in a∗a∗a∗ indicates equal tilt magnitude. The asterisk ∗ can take the values +,
− and 0, referring to in-phase (+), out-of-phase (−) and no tilting (0) of alternating
octahedra. Thus cubic Pm3̄m perovskite would be denoted as a0a0a0.
Both components of the multilayers discussed in this thesis, BaTiO3 and BiFeO3, as
well as the substrate SrTiO3 are oxide perovskite materials. The choice is deliberate,
since it is advantageous for hetero-epitaxy to combine materials of similar structure
and with low lattice misfit. Hence also the choice of SrTiO3 as a substrate material for
the thin film grown in the framework of this thesis.
3.2 Strontium Titanate SrTiO3
Strontium titanate (SrTiO3, STO) is a cubic perovskite. The lattice parameter a is
3.905Å [49], Sr2+ and Ti4+ occupy the positions A and B , as depicted in Fig. 3.2. STO
is insulating (resistivity >107 Ωm), paraelectric due to its centrosymmetric structure
and diamagnetic [49]. It has gained popularity in the past as growth substrate for
YBa2Cu3O7–x superconductors [49] and is widely used as an inexpensive growth sub-
strate for perovskite oxides. A prevalent preparatory method in thin film growth is
etching with buffered HF and subsequent annealing of STO single crystalline sub-
strates, which establishes a well defined surface [50, 51]. STO consists of alternating
layers of SrO and TiO2. In aqueous solution, hydrophilic SrO groups are hydroxyl-
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Figure 3.2: Representation of the structure of SrTiO3. Along the {100} directions, SrTiO3






















Figure 3.3: Specific resistivity of Nb doped SrTiO3 in dependence of the Nb doping concen-
tration in wt%. Graph adapted from Ref. 52.
ized and preferentially etched by HF. The annealing step leads to the formation of an
unit-cell stepped, TiO2-terminated surface structure.
STO can be doped with Nb to induce conductivity [52], the resistivity in SrTiO3:Nb
(NSTO) depends on the doping concentration (see Fig. 3.3). The specific resistivity of
the predominantly used 0.1 wt% Nb doped STO is approximately 0.025Ω cm−1, hence
any contact resistance between two electrodes on the typical 5 mm× 5 mm substrates
will be negligible with respect to the typical ∼1× 106 Ω measured for the multilayer
capacitors of BTO-BFO. Though perfect bulk STO is diamagnetic, weak ferromagnetic
signals are often measured on STO [53,54] and NSTO [55] substrates. Impurities in the
ppm range and surface defects at unpolished surfaces have been suggested at the origin
of this effect, as well as contamination from Fe and Ni containing tools and sample
holders [53, 56, 57]. The existence of intrinsic defect-induced magnetism in STO has
been theorized, though this is still debated.
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3.3 Barium Titanate BaTiO3







Figure 3.4: Representation of the structure of BaTiO3. The lattice parameters a and b are
equal, c is elongated. The tetragonal distortion and cation displacement are exaggerated for
clarity.
Barium titanate (BaTiO3, BTO) was the first oxide ceramic with ferroelectric prop-
erties discovered in the 1940’s [42]. It was initially valued as dielectric material with
high permittivity, which has been reported to be as large as 800 to 1600 [58], for
its use in capacitors. While lead zirconate titanate (PZT) has largely replaced BTO
for electromechanical actuator purposes due to PZT’s superior ferroelectric properties,
BTO-based ceramics have gained renewed popularity in recent years as a lead-free al-
ternative [59]. BTO remains one of the most widely used ferroelectric ceramics, in
particular for multilayer capacitors [59]. Room temperature resistivity can vary from
107 to 1010 Ωm [60].
BTO is cubic above the ferroelectric TCurie of 393 K. Below 393 K, the tetragonal
phase with P4mm symmetry, depicted in Fig. 3.4, forms, succeeded by an orthorombic
phase below 278 K and a rhombohedral phase below 183 K [61,62]. The tetragonal room
temperature phase has the bulk lattice parameters a =3.991Å and c =4.035Å [62], with
a lattice mismatch of 2.3 % of a relative to STO. The transition from cubic to tetrag-
onal introduces the asymmetric displacement of the Ti4+ cations that give rise to the
material’s ferroelectricity. According to the geometrical constraints imposed by the
tetragonal, orthorombic and rhombohedral phases, the resulting spontaneous polariza-
tion PS can point parallel to the pseudo-cubic [001]pc, [011]pc, or [111]pc directions,
respectively [61, 62]. The transition from cubic to tetragonal can create three distinct
domains relative to a specific cubic [001]c direction: c-domains where ±PS ‖ [001]c,
a1-domains where ±PS ‖ [010]c and a2-domains where ±PS ‖ [100]c. Here, [001]c refers
to the substrate out-of-plane direction. Deposition parameters can determine whether
mixed, purely a-oriented or c-oriented films are grown in hetero-epitaxy [63].
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As mentioned in Section 3.1, the P4mm symmetry forbids OOT. In fact, a sin-
gle monolayer of BTO has been shown to be sufficient to block the propagation of
OOT from a layer with pronounced OOT, such as GdScO3, into a layer that is highly
susceptible to distortion via OOT, such as SrRuO3 [38].
In this work, BTO is used mainly for its ferroelectric properties. BTO is also far
less conductive than BFO and can reduce the inherent leakage current of BFO, when
layered (see Sec. 5.1.4). While BTO is not ferromagnetic in bulk, there are reports
on defect-induced ferromagnetism. Theoretical calculations predict the emergence of
ferromagnetism in BTO due to oxygen vacancies [64]. Furthermore, nano-particles of
BTO exhibit ferromagnetism due to uncompensated spins of sub-coordinated surface
Ti2+ and Ti3+ [65]. Both effects can per se also occur in thin films and at the interfaces
in multilayers.




















Figure 3.5: (a) Representation of the structure of BiFeO3 in rhombohedral setting; (b)
pseudo-cubic setting with oxygen octahedra tilted in alternating fashion in all three pseudo-
cubic directions (a−a−a− in Glazer notation [48]). The Bi 6s2 lone pair electrons (indicated
by the magenta cloud), not contributing to any chemical bond, are the source of the local
dipole moment in the BFO unit cell. The gray arrows indicate the G-type anti-ferromagnetic
ordering of the Fe3+ spins. (c) The resulting polarization can be directed along the four
body diagonal directions, creating eight possible polarization directions along 〈111〉pc. The
resulting domain wall angles of 71◦, 109◦ and 180◦ are indicated.
At room temperature, bismuth ferrite (BiFeO3, BFO) is an intrinsic magnetoelec-
tric multiferroic with both ferroelectric and anti-ferromagnetic order. The ferroelec-
tric TCurie is 1100 K [66] and the anti-ferromagnetic TNéel is 643 K [67]. Since it was
first synthesized in 1957 [68], it has attracted significant interest from the multifer-
roics community. One publication in particular by Wang et al. in 2003 [9], reporting
αME = 3 V cm
−1 Oe−1 in 0 T and claiming a magnetization of 1 µB/f.u. (f.u.: formula
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unit) and spontaneous polarization of up to 60 µC cm−2, has prompted a veritable ex-
plosion of investigations in the last two decades. The impact BFO has had on the
field of magnetoelectrics has been compared to that of YBa2Cu3O7–x on the field of
superconductivity [69].
BFO is a rhombohedrally distorted perovskite with R3c symmetry. Fig. 3.5 a)
schematically depicts the rhombohedral structure. An alternative and commonly used
description of the BFO structure uses a distorted pseudo-cubic setting, depicted in
Fig. 3.5 b). In pseudo-cubic notation, the lattice parameter of BFO is apc = 3.965Å
(lattice mismatch to STO: 1.5 %), with a 89.4◦ lattice angle [69, 70]. In hexago-
nal notation, the lattice parameters are ahex = 5.58Å and chex = 13.90Å where
〈111〉pc ‖ 〈001〉hex. The ferroelectricity is driven by the stereochemically active Bi
3+
6s2 lone pair [71, 72]. The resulting broken cubic symmetry is accommodated in the
rhombohedral structure by OOT around all 〈111〉pc directions (a−a−a− in Glazer no-
tation [48]) with large tilt angles of approximately 11◦ to 14◦ [69]. The ferroelectric
polarization can point toward any of the 〈111〉pc directions, leading to 8 possible polar-
ization domains, as depicted in Fig. 3.5 c). Accordingly, there are 4 possible ferroelastic
domains, corresponding to the 4 space diagonals, with possible domain wall angles of
71◦, 109◦ and 180◦. Though Teague et al. initially reported a bulk polarization of only
6 µC cm−2 [73], the true polarization was later found to be closer to the values reported
by Wang et al.: 60 µC cm−2 along 〈001〉pc, which is the projection of the polarization of
100 µC cm−2 along 〈111〉pc [69]. BFO has a permittivity of εr = 53, a relatively small
value as compared to that of BTO [74].
BFO is a G-type anti-ferromagnet, meaning that the Fe3+ spins are coupled through
the Fe–O–Fe bonds through super-exchange, leading to an anti-parallel arrangement
in all pseudo-cubic x, y, z directions, as indicated in Fig. 3.5 b). The rhombohedral
distortion due to the symmetry-breaking lone pair leads to a Fe–O–Fe bond angle of
∼155◦. As a result, spin canting due to Dzyaloshinsky-Moriya interactions [75, 76] -
an antisymmetric contribution to the super-exchange between Fe3+ ions - leads to the
emergence of a non-zero net magnetic moment of the BFO unit cell [77, 78]. Though
ferroelectricity and anti-ferromagnetism in itself have separate origins, this structural-
magnetic relation is thought to be at the core of ME effect in BFO [77,79]. Popkov et al.
used a Ginzburg-Landau symmetry approach to demonstrate that anti-ferrodistortion,
i.e. anti-phase oxygen octahedra rotation is likely responsible for ME coupling in BFO
[79]. However, in addition to this canting, the magnetic moment is arranged in a spin
spiral along the [11̄0]pc direction with periodicity of ∼62 nm, which is incommensurate
with the crystal lattice and cancels out the net magnetization macroscopically [80].
As a result, the bulk ME effect is generally thought to be connected with γ-Fe2O3
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impurities, with αME-values as low as 7 mV cm−1 Oe−1 [81]. It has been found that the
spin spiral can be destroyed by large magnetic fields [82, 83], doping [84-87,H3] and
epitaxial constraint [88], leading to a small net magnetization of 0.02 µB/f.u. [69].
Growth of phase pure BFO thin films by PLD is reportedly possible only in a small
parameter range. Bea et al. found a narrow range close to 580 ◦C and 10−2 mbar
O2 pressure and likewise Jiang et al. report a temperature range of 600 to 730 ◦C
[89]; above and below these ranges, formation of either Bi2O3, γ-Fe2O3, or Fe3O4 can
occur. Bi2O3 is highly conductive and can act as a short circuit in a film. Both iron
oxides are ferromagnetic and assumed to be at the root of many reports of substantial
magnetization of BFO films substantially exceeding 0.02 µB/f.u. [69, 90, 91]. Eclipse
PLD is known to improve both film roughness and increase FE remanent polarization
[92]. Epitaxial constraint is also a powerful tool to stabilize a number of related phases
of BiFeO3 [93], including a monoclinic phase with a large aspect ratio of c/a = 1.23 [94].
Different miscut angles can furthermore restrict the number of possible domains [93,95],
which can be readily identified in reciprocal space maps (RSMs) [96].
One of the major drawbacks of BFO concerning applications and complicating ex-
perimental characterization is the typically large leakage current [97, 98]. Oxygen va-
cancies are thought to play a fundamental role in the leakage mechanism and a great
deal of effort has gone into alleviating this problem via doping [99-105] and adjusting
the content of volatile Bi by using over-stoichiometric targets [106,107]. Charge injec-
tion and disparate barrier heights of asymmetric metallic electrodes further complicate
the issue [95,97,98,108]. Additionally, it has also been found that certain domain walls
in BFO show conductivity up to 6 orders of magnitude larger than mono-domain bulk
material [109,110].
Another experimental complication is the electrically induced breakdown of BFO
into Bi2O3 and Fe3O4 in fields higher than 700 kV cm−1 [111]. While bulk BFO has
coercive fields of ∼100 kV cm−1, thin films typically have much larger coercive fields,
with values in the range of 300 to 500 kV cm−1 and larger not being uncommon [111,
112]. Hence, recording full FE hysteresis curves requires the application of fields of
1 to 2 MV cm−1. Self-poling and imprint effects, which can for example be induced
by temperature gradients in bulk [113] and thin films [114] or asymmetric electrode
structures [95, 98,108], can further increase the fields required for FE measurements.
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3.5 Heterostructures Based on BiFeO3
As the most studied intrinsic multiferroic, a large number of heterostructures have
been created using BFO as one of the constituent phases. A comprehensive review
on this topic by Wu et al. can be found in Ref. 115. While for many ferromagnet-
ferroelectric heterostructures research efforts commonly take the route of macroscopic
ceramic composites [10], the vast majority of publications concerning BFO emphasize
thin films and nano-structures [115]. The reason for this trend lies amongst others in
the possibilities of strain tuning, through which a number of derived BiFeO3 structural
phases can be stabilized [115]. Wu et al. further point to the malleability of ferroic
properties by means of doping and surface- and interface-design in nano-structures
[115].
3.5.1 Doping of BiFeO3
Doping with foreign ions is a common technique in materials science that can affect
material properties profoundly by introducing micro-strain and affecting the electronic
structure. In an effort to improve on the magnetic and electric shortcomings of BFO,
the effects of doping with a broad range of different elements have been reported. For
example, a profound reduction of the leakage current in BFO films was reported by
doping with various elements, such as Nd3+ [116], Cr3+ [101] and La3+ [117]. Improve-
ments of the weak ferromagnetic properties of BFO can be achieved via doping with
hetero-valent atoms, such as Ca2+, Sr2+, Pb2+, Ba2+ [118], or homo-valent elements,
like Nd3+ [119] and Co3+ [120]. A comprehensive review of doped BFO materials can
be found in the recent review on BFO-based heterostructures by Wu et al. 115. In
cooperation with our group, Lazenka et al. have reported on the effect of substitution
of Bi3+ with homo-valent rare-earth atoms of La3+, Nd3+, and Gd3+ in thin films [87].
In analogy to their former study on bulk BFO-samples [121], they found an enhanced
magnetization with increasing doping percentage, with the most profound effect pro-
duced by doping with Gd3+. They also found a reduction of surface roughness and
higher grade of preferential poling in atomic force microscope (AFM) and piezo-force
microscopy. In Ref. H3, we explored the impact of Gd-doping on BTO-BFO multilay-
ers, following the previous work of Lazenka et al. [87].
3.5.2 Composite 2-2 Heterostructures with BiFeO3
Most publications concerning ME coupling in BFO-based heterostructures explore
exchange-bias effects using either transition metal or metal oxide ferromagnets lay-
ered on BFO thin films [115, 122]. Heterostructures of BFO and LSMO are a popu-
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lar model system of a multiferroic coupled to an metal oxide ferromagnet [122-125].
The interface magnetism and exchange-bias coupling in this system are being stud-
ied extensively [124]. Guo et al. used PNR to locally resolve the magnetization in
BFO-LSMO superlattices and found a magnetization of 1.86µB/Fe atom [125]. They
“exclude charge transfer, intermixing, epitaxial strain, and octahedral rotations/tilts
as dominating mechanisms for the large net magnetization” and instead suggest strong
orbital reconstruction between Fe and Mn across the interfaces as the origin. Sim-
ilarly orbital reconstruction was reported to occur at the interfaces in BTO-LSMO
heterostructures [33]. Few reports on strain coupling based ME interactions in BFO
based heterostructures exist. One such example are CoF2O4 nano-pillars embedded
in a BFO thin film, for which a transverse αME of 60 mV cm−1 Oe−1 at 6 kOe was ob-
tained [126]. In a rare example of a multiferroic-multiferroic heterostructure, short
period BFO-BiMnO3 superlattices push the ferromagnetic transition temperature to
410 K [17].
3.5.3 BaTiO3–BiFeO3 and Related Heterostructures
Composites of BFO and a ferroelectric component, typically of the ABO3 perovskite
type, generally aim to mitigate the detrimental effects of leakage in bare BFO devices.
Among the common oxide ferroelectrics, BTO has proven to additionally lead to ME
coupling [11,H5]. This section will give a brief overview over the limited amount of
publications which report on the explicit material combination of BTO and BFO and
closely related systems outside our group. A large portion of these publications concern
macroscopic solid-solution ceramics [127-132] and solid-solution thin films [133, 134].
In recent years, a few reports on polycrystalline BTO-BFO thin film heterostructures
have been published [135-139]. And lastly, some closely related epitaxial heterostruc-
ture systems will be covered [140-145]. The αME -coefficients of these systems, where
available, are listed in Table 3.1.
The first report on BTO-BFO solid-solution ceramics including ME measurements
goes back to Ismailzade et al. in 1981 [127]. They investigated the systems BFO-
BTO and BFO-PbTiO3, which demonstrated bias field dependent ME coupling and
multiferroicity. Yang et al. found magnetoelectricity in BTO(1-x)-BFOx solid-solution
ceramics only in a limited range of x = 0.71 to 0.8 [128]. The largest value of αME
with 0.87 mV cm−1 Oe−1 was measured for a sample with x = 0.725, which is still an
order of magnitude lower than the value reported for bulk BFO samples by Caicedo
et al. [81]. A vastly stronger effect was measured when laminating the BTO-BFO
ceramic with magnetostrictive Ni [128], resulting in αME of 75.4 mV cm−1 Oe−1 at Hbias
of 100 Oe with remanent αME of 13.6 mV cm−1 Oe−1 at zero Hbias. Priya et al. were able
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Table 3.1: Overview of ME coupling coefficients αME measured for BFO, BTO-BFO systems
and related material combinations, as reported in the literature. †: measured at resonance
frequency; ‡: measured in the HDC field resulting in the maximum αME -value.
material system structure f HDC αME Ref.
(kHz) (Oe) (V cm−1 Oe−1)
BFO thin film quasistatic 0 3 [9]
BFO bulk 7 120‡ 0.007 [81]
BTO-BFO:(Sc, MnO2) solid solution 257† 0 0.43 [131]
BTO0.275–BFO0.725 solid solution 1 2000‡ 0.87 [128]
BTO0.275–BFO0.725/Ni laminate 1 100‡ 0.0754 [128]
BTO0.2–BFO0.8 solid solution 1 8000‡ 0.0023 [146]
BTO-BFO:(Dy, Cu) solid solution n.a. n.a. 3.2× 10−6 [132]
BFO–CoFe2O4 3-1 thin film n.a. 6‡ 0.06 [126]
BFO/BTO thin film 0.999 500‡ 0.061 [138]
BTO/BFO/BTO thin film 0.999 4000‡ 0.515 [139]
BFO-PZT 3-3 thin film 1 5100‡ 0.3 [142]
to improve the saturation magnetization of BTO0.15-BFO0.85 phase pure ceramics by
co-doping with Dy and Cu from ∼0.01 to 0.1µB/f.u., but only measured a αME -value
of maximum 0.003 mV cm−1 Oe−1 [132]. Wei et al. found that BTO in BFO greatly
increases resistivity, though an excessive amount of BTO reduces Prem [130]. Similarly,
Guo et al. reported a reduction of two orders of magnitude in the leakage current
in BiFe0.96Sc0.04O3 –BaTiO3 ceramics when modified with MnO2 [131]. They further
reported an enhanced magnetization and a - for bulk ceramics - considerable αME -
coefficient of 429.6 mV cm−1 Oe−1 at resonance for 2.0 at% Mn ion doping. A review
on symmetry transformations and ferroic properties in solid-solutions of BFO with
BTO, PbTiO3 and PbZrO3 has been published by Freitas et al. [129]. A comprehensive
review of BFO-ABO3 solid solution ceramics can be found in Ref. 115.
Ueda et al. first reported on reduced leakage current in epitaxial BTO-BFO solid-
solution thin films deposited on NSTO by PLD [133]. However, their films showed
very low polarization (Prem = 2.5 µC cm−2) and magnetization values of ∼0.01µB/f.u..
Murugavel et al. expanded on this research by creating similar epitaxial films across
the entire composition range [134]. They obtained more reasonable polarization val-
ues of 24 µC cm−2 for an intermediate composition, with magnetization values up to
0.05µB/f.u.. For comparison, our group found polarization values up to 75 µC cm−2
in BTO67-BFO33 films [11]. No measurements of αME -coefficients of BTO-BFO solid-
solution films are known aside from our own research [11,147].
Sharma et al. published a series of articles on polycrystalline BTO-BFO multilayers
on Pt/SiO2/Si derived by PLD [135, 137] and spin-coating [136]. They reported en-
hanced ferroic properties for four-layer PLD-films of BFO/BTO/BFO/BTO with Psat
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of 50.49 µC cm−2 Msat of ∼0.4µB/f.u. [135] and a reduced leakage current relative to
bare BFO films [136]. Gupta et al. reported on the ME coupling in sputtered polycrys-
talline bi- and tri-layers of BTO and BFO [138, 139]. They measured αME -values of
61 mV cm−1 Oe−1 and 515 mV cm−1 Oe−1, respectively, and the highest value found in
a sample with 20 nm BFO thickness, which they attributed to bonding of interfacial Fe
and Ti atoms. These αME -values are still an order of magnitude lower than the values
obtained by Wang et al. [9] and two orders of magnitude lower than our own.
Toupet et al. found that the magnetization in BTO-BFO multilayers with varied
periodicity scales inversely with the periodicity [143]. They suggested a number of
interface effects as the possible origin of this effect: a ME proximity effect that could
occur, given the presence of ferroelectric self-poling the local breaking of magnetic
anisotropy by adjacent Ba2+ and Fe3+ ions at the interfaces and the occurrence of
so called “loose spins”. Further reports include BaSrTiO3-BiNdFeO3 multilayers with
∼0.4µB/f.u. magnetization [144] and BFO-PZT core-shell composite films derived by
sol-gel method with an αME-value of 300 mV cm−1 Oe−1 [142]. Reduced leakage current
density was also achieved for STO-BFO superlattices [140,141]. The existence of a 2D
electron gas at a Ti-diffused STO-BFO interface was reported by Chen et al. [145].
To conclude: a great effort has been made by various groups over the last few
decades to improve the ferroic and magnetoelectric properties of BiFeO3-based bulk
and thin film compounds. This research has lead to a great many discoveries of novel
phenomena and a deepened insight into the base workings of magnetoelectric multifer-
roics. However, aside from the sources cited above and in Table 3.1, very few tangible,
explicit measurements of αME on BFO-based thin films can be found. And among
these, there exist only few that reach, or even improve on, the values published in the
pertinent paper published by Wang et al. [9]. In light of these facts, the results gained
on epitaxial BTO-BFO heterostructures by our group can be fairly deemed exceptional,
as will be detailed in the following section.
3.5.4 Previous Results on BaTiO3–BiFeO3 Heterostructures
Over the last eight years, our group has worked on BTO- and BFO-based ME het-
erostructures within the collaborative research center SFB 762: Functionality of Oxide
Interfaces. We recently published the cumulative results of the research performed
from 2012 to 2019 in Ref. H5. The following is an excerpt from publication H4, giving
an overview of the progress in understanding of the topic prior to the work on this thesis:
“In 2014 we first reported on the enhanced ME coupling in thin film BaTiO3-BiFeO3
(BTO-BFO) composites with 2:1 and 1:2 composition ratios and 15×(BTO-BFO) mul-
25
Chapter 3. Materials
tilayers [11]. The intrinsic multiferroic BFO and the ferroelectric BTO both possess
perovskitic unit cells with closely matched lattice constants [11]. We measured an
enhanced αME -value of 21 V cm−1 Oe−1 for a composite film with a 2:1 BTO-BFO
composition ratio relative to the 4.2 V cm−1 Oe−1 measured for a BFO single layer.
Further experiments showed that while the enhanced ME effect was larger in compos-
ites than in multilayers, it proved far more malleable in multilayers. We also reported
for the first time the characteristic dependencies of αME on an external DC bias mag-
netic field Hbias for these composites and multilayers [11]. While the BFO single layers
and composite films show a maximum and subsequent decrease in αME when Hbias is
increased from 0 T to 6 T, similar to the behavior of bulk samples [121], multilayers
show a saturating behavior [11]. This field dependency was observed for all BTO-
BFO multilayer samples since [148-152,H3]. By variation of the pO2 pressure during
growth we found an increase of oxygen octahedral tilt [148] and micro-strain [149]
with lowered pO2 that correlated with a decrease of the respective αME -values. Note,
however, that the pulse numbers were kept constant for these experiments, yielding
increasingly larger ddl -values with decreasing pO2 . A decrease of the BFO sublayer
thickness with constant BTO thickness leads to a significant increase of the measured
αME -value [152,H1, H3]. Jochum et al. showed that lowering dBFO from 50 nm to
5 nm led to an increase of αME from 11 V cm−1 Oe−1 to 56 V cm−1 Oe−1, which was
accompanied by an increasing asymmetry of the hyperfine field distribution [152]. Si-
multaneously the temperature dependence of αME changed from monotonically falling
to monotonically rising, indicating a change of the dominant coupling mechanism [152].
The variation of the volume fraction of the ferroelectric and magnetostrictive phases in
artificial magnetoelectric multiferroic composites is expected to have a strong influence
on the magnetoelectric coupling in purely strain mediated heterostructures according
to theoretic calculations [26, 27]. This has often been confirmed in experiments, for
reviews detailing such examples, we refer to [10] and [5]. It is debatable however,
whether this theory should be applicable in this case, as a) the combination BTO-BFO
is ferroelectric-multiferroic rather than just ferroelectric-ferromagnetic (and strictly
speaking bulk BFO is anti-ferromagnetic, not ferromagnetic), b) the BTO-BFO ratio
variation based on BFO thickness variation leads to an overall thickness variation, and
c) it is not entirely clear, if a purely strain mediated coupling effect lies at the core
of the observed enhanced ME coupling. Through Mössbauer spectroscopy, we found a
tilt of the preferential magnetic orientation from in-plane for single layer BFO films to
out-of-plane for multilayers [150]. The number of double-layer repetitions in a sample




Why think? Why not try the
experiment?
John Hunter 1728–1793
In this chapter, the experimental techniques employed in the framework of this thesis
are presented. The thin film deposition techniques used to create multilayer samples
are presented first. Subsequently, structural analysis by X-ray diffraction, microscopy
techniques and chemical profiling methods are discussed. Concluding, the ferroelectric,
magnetic and magnetoelectric measurement techniques are explained.
4.1 Thin Film Fabrication
As in all fields of experimental solid state physics and materials science, a crucial factor
in the particular field of thin film physics is the preparation of apt samples. Pulsed
laser deposition is a reliable technique to create high quality epitaxial thin films [153],
suited in particular for the deposition of metal oxides [154]. Another technique, known
as magnetron sputtering, was used to create metallic contacts on the deposited thin
films.
4.1.1 Pulsed Laser Deposition (PLD)
The technique known as pulsed laser deposition (PLD) is a physical vapor deposition
process, i.e. the film is deposited onto a substrate by condensation of material from the
gas phase. The general process of thin film deposition by PLD is depicted schematically
in Fig. 4.1. A high energetic laser pulse is focused onto a polycrystalline target in a
vacuum chamber (typically p ≤ 1 mbar). The absorption of the laser pulse leads to
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7: substrate holder and heater
Figure 4.1: Schematic depiction of the key components involved in the PLD process.
the evaporation of material from the target surface and subsequent plasma formation
[155,156], given that the pulse energy is above the target material’s ablation threshold
[157]. A number of ablation species of varying energy are formed, such as atoms, ions,
electrons, and clusters. The angular spread of different species relative to the target
surface is not necessarily uniform and transport to the substrate may vary due to
different scattering probabilities, depending on target-substrate distance and ambient
pressure [158]. Unfortunately, some processes such as subsurface heating [157,159] may
cause the ejection of larger particles, called droplets, from the target surface. These
droplets may reach sizes in the micron range and are thus often larger than the typical













Figure 4.2: Schematic depiction of the fundamental processes involved in film growth by
physical vapor phase deposition.
The ablated material then travels toward the substrate where it condenses. An
interplay of succinct adsorption, desorption, surface-diffusion, and inter-diffusion fun-
damentally determines the particulars of film growth, as depicted in Fig. 4.2 a). The
adsorption to desorption rate for example determines the net influx of ad-atoms, which
may shift, based on factors like gas pressure and substrate temperature, and may
vary based on ad-atom species. In the case of highly volatile materials such as Bi,
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non-stoichiometry in films can be compensated by overabundance in the target [90].
Likewise, the choice of O2 as process gas, or post-annealing in higher O2 pressure at
high temperature can mitigate the effects of oxygen deficiency created during growth.
Depending on material-specific mobility, particle influx and temperature, four gen-
erally recognized growth modes can occur: (I) island-growth (known as Volmer-Weber
growth), (II) mixed island and monolayer growth (Stranski-Krastanov growth), (III)
layer-by-layer growth (Frank-van der Merwe growth) and (IV) step-flow growth [155,
160]. Surface diffusion allows an ad-atom to move about on the surface. This move-
ment can be terminated when the atom arrives at a nucleation site, i.e. a substrate
step, 2D or 3D island, as shown in Fig. 4.2 a). A particularly low surface mobility will
lead to the formation of 3D islands, as the mean diffusion length is decreased. This
case is depicted in Fig. 4.2 b). If the surface mobility is increased, e.g. by raising the
growth temperature, the ad-atoms will tend to form 2D islands instead, resulting in
layer-by-layer growth, see Fig. 4.2 c). A mixed 3D island and 2D layer growth occurs if
the ad-atom-substrate interaction is far more favorable than the one between ad-atoms,
leading to an initial 2D coverage and a succinct 3D growth. In the extreme case of
very high ad-atom mobility, which is the case at elevated growth temperatures, surface
diffusion is terminated only when a step on the growth surface is reached. As depicted
in Fig. 4.2 d), the ad-atom attaches to the step edge, thereby forming the new step
edge. The temperature required for step-flow growth can be reduced by increasing the
substrate miscut angle and thereby reducing the lateral distance between steps.
Both the advantage and crux of the PLD technique is the multitude of parameters
that can have an influence on the film growth. The laser repetition frequency, energy
density determined by lens position and laser pulse energy, ablation spot size, target
to substrate distance and lateral offset, as well as gas choice and pressure all influence
the amount, energy and composition of ablated material that reaches the substrate
surface. Typical growth rates range from 0.01 to 0.1Å/pulse. To reach the desired film
thickness, pulse numbers were determined by first calibrating the growth rate from
single-layer films via X-ray reflectometry (XRR).
Two almost identical deposition chamber setups were used in the course of this thesis.
The earlier samples, labeled with the naming scheme GXXXX were grown in the so-
called chamber G, which was operated together with a Lambda Physik LPX 305 F KrF
excimer laser (first installed in 1991). In 2018, a new Coherent LPX PRO 305 F KrF
excimer laser and a new chamber of identical build, named chamber F (sample names
FYYY ) were installed. Both chambers were designed and built in-house. Chamber
F, pictured in Fig. 4.3, was built in 2017 within the framework of the collaborative
research center SFB 762: Functionality of Oxide Interfaces and was exclusively used
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Figure 4.3: Photographic images of chamber F. (a) outside view, (b) focusing lens and (c)
inside view. Main components as labeled in (a)-(c): 1: laser (in the background), 2: gas
inlet, 3: substrate rotation motor, 4: target rotation and (not visible) translation motor, 5:
pressure sensors (two out of four in total), 6: laser window, 7: focusing lens, 8: substrate
heater (front and back parts), 9: substrate holder, 10: target carousel, 11: laser beam path.
for the material systems discussed in this thesis to reduce cross-contamination. The
lasers produce laser light at a wavelength of 248 nm with an energy set to 650 mJ
per pulse and a repetition rate of 1 to 20 Hz. A plane-convex UV-fused silica lens,
pictured in Fig. 4.3 b), focuses the laser light onto the target surface, leading to a laser
energy density ρL at the target surface of approximately 2.0 J cm−2 at a lens-chamber
distance L of 0 mm for chamber G. The explicit L -dependence of ρL for chamber F
was determined experimentally and is presented in Fig. 4.4 (for details see the caption
text).
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Figure 4.4: Spot size and related approximate energy density in relation to parameter L for
chamber F. The spot size was determined at the position of a fresh target using photosensitive
paper (see inset). The energy density is based on the total energy of a nominal 650 mJ pulse
as measured by energy monitor before passing through the lens and chamber window, after
passing through a 24 mm×10 mm rectangular aperture. The attenuation of the beam intensity
by lens and chamber window is approximately 10 % each.
A combination of lateral and rotational movement of the target ensures an uni-
form ablation from the whole target surface area. A revolving target holder (10 in
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Fig. 4.3 c)) with four slots for targets was used to switch the ablation target during
the process without breaking the vacuum. The substrate holder (9 in Fig. 4.3 c)), at
a distance of 10 cm from the target, is heated by a set of two resistive heaters (back
and front, 8a and 8b in Fig. 4.3 c)), suitable to reach temperatures up to ca. 850 ◦C.
The temperature is measured by thermocouple behind the resistive heating elements,
the substrate temperature is estimated to be ∼50 to 80 ◦C lower than the process tem-
perature Tp stated. Note that the process temperature quoted throughout this thesis
always refers to the temperature measured by the thermocouple, not the estimated
substrate temperature. A lateral offset QM relative to the ablation spot and rotation
of the sample holder during ablation ensures an on average homogeneous spread of in-
coming particles across the substrate surface. A QM -value of 3, indicating three turns
of the adjustment screw, equals a lateral offset value of olat = 10 mm. At a QM -value
of 0, the centers of target and substrate holder are positioned face to face. The 25 mm
diameter substrate holder used throughout the framework of this thesis can hold up
to four 5 mm× 5 mm substrates and is made from heat resistant 1.4828 stainless steel.
All films were deposited using O2 as background gas.
Standard Conditions
The great majority of samples produced in the framework of this thesis were deposited
using the standard conditions listed in Table 4.1.




Tp 700± 5 ◦C
f 15 Hz




A special sub-form of PLD is the so-called eclipse-PLD, which is specifically designed
to deal with the problem of droplets [161]. As depicted in Fig. 4.5, a shadow mask is
introduced between target and substrate, blocking the direct path between the ablation
area defined by the laser spot on the target. The mask size and position are adjusted
in such a way that the substrates are fully shielded from the light emitted from the
ablation area (i.e. eclipsed). Since the linear target-substrate path is blocked, heavy
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Figure 4.5: Schematic depiction of the eclipse PLD process. A shadow mask is set up in
such a way between target and substrate holder that it projects a shadow from the bright
ablation spot on the target onto the entire substrate area.
particles such as droplets and larger atomic clusters do not reach the substrate. Only
lighter particles that have been redirected around the shadow mask by multiple scat-
tering events will reach the substrate surface, which significantly reduces the deposition
rate.
4.1.3 Target Preparation
The polycrystalline targets were prepared in-house by ball-milling, calcination, press-
ing, and sintering. Barium titanate was used as-received as 5N BaTiO3 powder and
sintered for 6 h at 1300 ◦C in air. Bismuth ferrite targets with 10 at% Bi excess were
prepared by first milling 5N Bi2O3 and 5N Fe2O3 powders, calcinating for 4.5 h at
750 ◦C in air, milling again, and sintering for 10 h at 810 ◦C in air. An increase in
relative density of the Bi1.1FeO3 targets from 0.75 to 0.85 was achieved by prolong-
ing the calcination and sintering steps to 24 h. All samples in this thesis were grown
using over-stoichiometric targets, the simplified designation BFO is used. The Gd-
doped bismuth ferrite target was prepared from stoichiometric amounts of 5N Bi2O3,
3N Gd2O3, and 5N Fe2O3 powders to yield Bi0.95Gd0.05FeO3, calcinating for 4.5 h at
750 ◦C in air, milling again, and sintering for 10 h at 810 ◦C in air. In reference to the
5 % Gd substitution films are referred to with the denomination BGFO.
4.1.4 Substrate Preparation
The initial growth process, beginning with nucleation at the substrate surface and
continuing with diffusion across said surface, is highly dependent on the substrate
morphology (roughness, kinks, steps) and surface chemistry (termination). Hence it is
desirable to provide a well defined substrate surface. For the chosen substrate material
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SrTiO3, it is possible to generate a stepped, TiO2-terminated surface by etching with
a buffered HF solution and annealing for 2 h at 800 ◦C in 700 mbar O2, for details
see [50, 51]. The resulting surface exhibits unit-cell stepped terraces, the width of
which is determined by the sample’s miscut relative to the nominal crystallographic
plane.
(100) oriented SrTiO3 were purchased from Crystal GmbH (Berlin, Germany) and
SrTiO3:Nb with 0.05 wt %, 0.1 wt % and 0.5 wt % Nb content were purchased from
CrysTec GmbH (Berlin, Germany).
4.1.5 Sputter Deposition
Metallic contacts for FE and ME measurements were deposited using shadow masks
with DC magnetron sputtering. Sputtering uses the bombardment of a target with
plasma ions to evaporate material. In DC magnetron sputtering, the plasma is gener-
ated by applying a high voltage to anode and target (cathode) in a low pressure gas
atmosphere. Here, Ar was used as background gas for the deposition of Pt at a pressure
of 0.025 mbar. Sputtering for 60 s at 30 W yielded ∼100 nm Pt films. The substrate
was not heated for this deposition.
4.2 X–Ray Diffraction




Figure 4.6: Schematic depiction of the angles involved in XRD measurements using a four-
circle diffractometer.
The X-ray diffraction (XRD) measurements were performed with a PANalytical X’pert
MRD PRO four-circle diffractometer with a X-ray tube, a parabolic mirror and PIXcel3D
detector, or a proportional detector in case of XRR scans. Since no monochromator
was used, Cu Kα1 (wavelength λ =1.5406Å) and Kα2 (λ =1.5444Å, half intensity of
Kα1) radiation components are both present. Fig. 4.6 schematically depicts the four
angles involved in a four-circle diffractometer measurement: ω, θ, ϕ, and χ. Typically,
the source of the X-ray beam is fixed, ω, ϕ and χ represent the possible movement
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angles of the sample stage and 2θ the movement angle of the detector arm relative to
the incident beam.
4.2.1 2θ − ω Scans
The diffraction of X-ray radiation results from the interaction of an electromagnetic
wave with a structure of periodically modulated electron density, i.e. a crystal lattice.
Constructive interference occurs when the Bragg condition is met:
2d sin θn = nλ . (4.1)
Here, d can refer to the distance dhkl between crystallographic planes with the Miller
indices h, k, l . In a cubic lattice, the lattice parameter a can be derived from a
Bragg peak position at the angle θn as a = dhkl/
√
h2 + k2 + l2 if the order n and
wavelength λ are known. Likewise, the repetition of alternating layers in a multilayer
stack also represents a periodic modulation of electron density in the growth direction.
Accordingly, additional multilayer fringe peaks appear superimposed on the constituent
layer peaks. The order n is not necessarily known for any given multilayer fringe peak,
as only the ones close to the constituent material peaks possess significant intensities
[162]. Hence, the multilayer periodicity, or double-layer thickness ddl can be derived
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Figure 4.7: Exemplary 2θ-ω measurements near the SrTiO3 (001) Bragg peak for (a) a bare
SrTiO3 substrate, clearly showing Cu Kα1 and Kα2 splitting as well as Cu Kβ and W Lα1
components, (b) a single-layer of BaTiO3 on SrTiO3 and (c) a BaTiO3-BiFeO3 multilayer
SrTiO3 with ddl of 20 nm with clearly visible multilayer fringes, labeled by order. The 0th
order peak corresponds to the (001) Bragg peak of the average out-of-plane (OOP) lattice
parameter of the multilayer stack.
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In a 2θ-ω scan, the (00l) planes are probed by only scanning ω coupled with 2θ = 2ω
and keeping χ at zero. The PIXcel3D detector was used as a 1D line scanning detector
with all 255 channels active to measure a 2.511◦ range per step. Three typical scans
close to the (001) SrTiO3 peak can be seen in Fig. 4.7. Cu Kα1 and Kα2 splitting
is visible for sharp peaks such as the single crystal substrate peak in Fig. 4.7 a).
Weaker Cu Kβ (wavelength 1.3923Å) and stray W Lα1 (wavelength 1.4764Å, from the
X-ray tube’s W filament) components are visible at lower angles due to the shorter
wavelength. Fig. 4.7 b) shows a 2θ-ω scan of a single-layer. Note that the layer peak
is much broader than the substrate peak due to finite size effects and local lattice
parameter variation in imperfect crystals. The film’s OOP lattice parameter can be
extracted both from the total angle, as well as from the separation from the substrate
peak, in which case the (known) substrate peak position functions as internal standard.
A number of θ-angle dependent effects such as X-ray absorption and eccentricity of the
beam relative to the center of the diffractometer cause shifts of the actual measured
peak positions [163]. As these errors are minimized for θ → 90◦, it is desirable to
use high order peaks for lattice parameter determination, or better yet extrapolate
from several peaks using e.g. the formalism proposed by Nelson-Riley [163]. This
involves plotting the lattice parameters as measured from peaks at the angle θ versus








and extrapolating a linear fit to θ → 90◦.
In case of multilayers, the reflections stemming from the individual layers is super-
imposed with the multilayer fringe peaks and often obscured by them, as can be seen
in Fig. 4.7 c). Typically more than 10 fringe peaks are used to determine ddl from
such measurements for greater accuracy. For further details on XRD of multilayers,
the reader is referred to [162,164].
4.2.2 Reciprocal Space Mapping
A measurement probing 2D reciprocal space, typically around a substrate peak, is
called a reciprocal space map (RSM). This can be done by performing multiple ω-2θ
scans at various ω offsets using a 0D receiving slit detector, which was the technique
used at the start of this thesis. A newer, frame-based method reads out all 255 x
255 channels of the PIXcel3D detector to measure local 2.511◦ 2θ scans by integration
along γ (direction normal to the 2θ axis on the detector) at each step of scanning
ω-2θ. Most importantly, RSMs around asymmetric reflexes with an in-plane (IP) and
out-of-plane (OOP) component, such as the (103) SrTiO3 peak were measured. These
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Figure 4.8: Schematic representation of the reciprocal space around an asymmetric substrate
peak (empty circle) such as the STO (103) peak. A lattice matched film would appear as
a horizontally matched peak (dashed circle), while a relaxed films are shifted (black circle).
Possible origins of broadening are indicated after [165].
give an insight into the epitaxial relation between substrate and film, as Fig. 4.8 shows.




(cosω − cos (2θ − ω)) , q⊥ =
1
λ
(sinω + sin (2θ − ω)) . (4.3)
Using the wavelength λ in units of nm gives the IP component q‖ and an OOP com-
ponent q⊥ in units of nm−1.
In order to extract meaningful lattice parameters from a RSM, the position of a
substrate peak is used as internal standard. This can be done by measuring the relative
distances between film and substrate peak, as indicated in Fig. 4.8. Alternatively, the
RSM can be put on an absolute scale by correcting any offset caused by misalignment
of goniometer and sample, by aligning the measured substrate peak position with its
nominal position [166, 167]. For a cubic system, the transformation from q to qcorr for
















where α is the correction angle:
α = arccos





















Further, q‖,h and q⊥,l are the measured and q‖,H = h/asub and q⊥,L = l/asub the nominal
substrate peak positions, as defined by the Miller indices h and l and the substrate
lattice parameter asub. The reader is directed to [162,168] for further information about
RSM measurements and to [166,167] concerning correction of RSM data.
4.2.3 X–Ray Reflectivity
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Figure 4.9: (a) Exemplary X-ray reflectometry scan (black) and simulated data (red) for a
37 nm BiFeO3 film on SrTiO3, (b)-(d) variation of the simulation parameters layer thickness
(b), layer density (c) and surface roughness (d).
X-ray reflectometry (XRR) is a low-angle (0 to 5◦) measurement used to determine layer
thickness and roughness of thin films up to ∼500 nm. As with 2θ-ω measurements, the
detector and sample tilt are scanned in such a way that θ = ω. After the critical
angle θC , at which total reflection occurs, reflected intensity decreases and intensity
oscillations are observable, as shown in Fig. 4.9. The critical angle and spacing of the
intensity oscillations depend on the thickness and refractive index of the substrate,
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layer(s) and surrounding medium (air). The amplitude of the oscillations and overall
intensity decrease depends on the surface and interface roughness of the sample.
The software X’Pert Reflectivity was used to simulate XRR measurements. Fig. 4.9
shows a simulated scan fitted to the measured data. The refractive index of a layer
is a function of the incident wavelength and the electron density within the sample.
The local electron density is modeled as a combination of chemical composition and
macroscopic density. Layer thickness, layer density and roughness are varied in the
iterative fitting process to minimize the error between simulated and measured curve.
For more details on XRR measurements on thin films and multilayers, the reader is
referred to [169].
4.3 Microscopic Techniques









Figure 4.10: Schematic operational principle of atomic force microscopy.
A Park Systems XE-150 atomic force microscope (AFM) operated in true non-contact
mode was used to study the surface morphology of thin films and substrates. Atomic
force microscopy is a type of scanning probe microscopy: a cantilever with a fine tip
acts as probe that is scanned across a sample surface. The interaction of probe and
sample is monitored with an infrared laser that is reflected off the cantilever backside
onto a position sensitive detector, see the depiction in Fig. 4.10. The cantilever is
excited to vibrate at its resonance frequency and is brought into close proximity with
the surface (∼1 to 10 nm), which causes a shift in resonance frequency and phase
due to repulsive van-der-Waals interactions. The change is registered as a change in
deflection amplitude. A feedback loop maintains a constant amplitude, i.e. a constant
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tip-sample distance, by modulating the height, called z-position, with a piezo-motor.
The z-amplitude is used to generate a topographical image of the sample with sub-nm
z-resolution.
The software Gwyddion [170] was used for data visualization and extraction of char-
acteristic values. The root mean squared roughness parameter Rrms was used as a






(zi − z̄)2 , (4.7)
where z̄ is the arithmetic mean value of all height values zi.
4.3.2 Laser Scanning Microscopy
The film surface area for vibrating sample magnetometer (VSM) measurements, elec-
trode areas for FE measurements and droplet densities were investigated with aKeyence
VK-X210 laser scanning microscope (LSM). The LSM generates two images: one reg-
ular optical microscopy image and a second one generated by scanning a 408 nm laser
across the surface. In contrast to conventional microscopy techniques, LSM uses a
so-called confocal optic, where a pinhole blocks out-of-focus information. The laser is
scanned at multiple focal positions and the maximum intensity is recorded when the
laser beam is focused on the sample surface. From this, a topological image can be
constructed.
Figure 4.11: (a) Laser microscopy image at ×150 magnification and (b) mask generated
with the analyze particles tool.
The high-contrast laser image was also used to identify droplets on the sample sur-
face. The open source image analysis software Fiji [171] was used to mark irregularities
(droplets) in LSM images, as shown in Fig. 4.11. After using the threshold tool, the
analyze particle tool was used to mark particles with an area larger than 4 pixels, to
39
Chapter 4. Experimental Section
reduce noise detection. The characteristic values determined were particles per area
and particle size.
4.3.3 Transmission Electron Microscopy
Local structural analysis of thin film samples was performed with a transmission elec-
tron microscope (TEM). A FEI TITAN 3 G2 80-300 microscope operated at 300 keV
and equipped with a SuperX energy-dispersive X-ray spectroscopy (EDX) analyzer
was used to investigate thin film cross-sections with atomic resolution. Cross-sections
along the (100) or (110) azimuth of the substrate were produced by wedge-polishing
and subsequent ion milling. TEM cross-sections will accordingly be referred to as (100)
or (110) oriented, with the implication, that the presented atomic structure is defined
by the (100) or (110) and (001) directions of the substrate. Unlike XRD, which pro-
vides averaged information of a sample’s structural properties, TEM can be used to
image locally resolved geometrical features and defects in real space. Due to slight de-
viations from the ideal focus conditions, measured lattice constants are not calibrated
exactly to an absolute scale. Where possible, the lattice parameters determined for the
substrate was used as internal standard to correct these measurements.
Figure 4.12: Exemplary high-resolution transmission electron microscopy (HR-TEM) image
with atomic resolution. The image was created in scanning transmission electron microscopy
(STEM) mode with a high-angle annular dark-field imaging (HAADF) detector. Depicted is a
cross-section of a 15× [(BaTiO3)5 nm - (BiFeO3)5 nm] multilayer deposited using eclipse-PLD
(sample F224).
High resolution TEM (HR-TEM) images with atomic number contrast (Z-contrast)
were recorded with a high-angle annular dark-field imaging (HAADF) detector. As
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Fig. 4.12 shows, this allows for atomic resolution imaging. Chemical distribution maps
were recorded with the EDX analyzer in STEM mode.1
4.4 Chemical Analysis Techniques
4.4.1 Energy-Dispersive X–Ray Spectroscopy
Spatially resolved qualitative chemical analysis of films was carried out by STEM
energy-dispersive X-ray spectroscopy (EDX). The technique relies upon the analy-
sis of characteristic X-ray radiation, which results from the excitation of a sample with
a high energy electron beam. The beam creates electron vacancies in the inner shells
of atoms, which are then filled by higher-shell electrons under emission of an X-ray
photon of characteristic wavelength. The emitted photons are detected by an energy
dispersive detector. The spectrum is analyzed for the element- and transition-specific




Figure 4.13: Exemplary HAADF TEM image and EDX elemental maps of the elements
Ba, Bi, Sr, Ti, Fe, and O of a 15× [(BaTiO3)10 nm - (BiFeO3)10 nm] (sample F026). Note the
overlap of the Ba and Sr signal due to similar characteristic wavelengths.
The FEI TITAN 3 G2 80-300 TEM was used in STEM mode to measure spacial
distribution maps of elements in cross-sections using the SuperX EDX analyzer. The
characteristic X-ray peaks used to map the various main elements in the samples pre-
sented in the framework of this thesis were: Ba Lα, Bi Lα, Fe Kα, O Kα, and Ti Kα.
Due to the overlap of Ba Lα and Ti Kα, Ba appears to be present in the SrTiO3
substrate as well, which is a common artifact, see Fig. 4.13.
1All TEM measurements in this thesis were carried out by Christian Patzig and Susanne Selle
in the group of Thomas Höche at the Fraunhofer-Institut für Mikrostruktur von Werkstoffen und
Systemen (Center for Applied Microstructure Diagnostics) in Halle, Germany.
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4.4.2 Time-of-Flight Secondary Ion Mass Spectrometry
Qualitative chemical depth profiling was carried out by dynamic time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS). SIMS uses the positively and negatively
charged secondary particles that are generated by bombarding a sample surface with
an ion beam. The accelerated ions penetrate a few monolayers into the sample surface,
displacing subsurface atoms in a so-called collision cascade, as described in further
detail in Ref. 172. Sample atoms and clusters are ejected from the surface due to this
collision cascade in a process generally termed sputtering. A portion of these ejected
particles becomes ionized, which are the species used for analysis in SIMS. The time-
of-flight mass spectrometer accelerates these ions with an electric field and measures
the drift time through a field free region of space to distinguish the ionic species by
mass and charge. In order to increase this technique’s mass sensitivity, the analyzer
ion beam is operated in a pulsed mode. Concentrations of any element are detectable
down to the ppm level.
Depth profiling with ToF-SIMS was carried out using an ION-TOF (Münster, Ger-
many) TOF.SIMS 5 dual-beam instrument. In addition to the pulsed primary analyzer
ion beam, this instrument uses a secondary ion beam to effectively ablate sample ma-
terial. The primary Ga+ ion gun was operated at 15 kV with a 2.47 pA beam current.
The high current bunched mode was used for ToF analysis at 1.5 µA emission with a
3.9 ns bunch width. The analyzed area of 50 µm× 50 µm was set in the center of the
sputtering area of 300 µm× 300 µm. When measuring negative ions, Cs+ ions accel-
erated at 0.5 kV were used and O+ ions accelerated at 1 kV when measuring positive
ions, both sources were operated with 44.3 nA beam current and 0.24 µ A source cur-
rent. The ToF analyzer was operated at a cycle time of 60 µ s, recording a mass range
of 1 to 350 u with a mass resolution m/∆m of approximately 5000 to 8500. Sputtering
and ion spectra recording was carried out in alternating steps.
In static SIMS, about 95 % of measured ions stem from just the fist two monolayers
at the sample surface [172]. Due to the finite ion penetration depth and the processes
which are part of the collision cascade, ion displacement and intermixing from the top
layers into underlying layers occurs. In dynamic SIMS with depth profiling the actual
depth resolution is diminished further by the initial surface and interface roughness of
a sample. Preferential sputtering can enrich lower yield material at the surface and
also lead to roughening of the sputtered crater bottom. This effect is enhanced with
progressive sputtering depth. On top of these complications, it is important to bear
in mind that the generated measurement signals are detected over a large dynamic
intensity range, which is why ToF-SIMS profiles are typically displayed in logarithmic
scale. Furthermore, due to the variable ionization probabilities, which are additionally
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affected by matrix effects, quantitative analysis is only possible, if a suitable standard
sample is available. For further details on the technique, the reader is directed to
Refs. 172,173 and H1 .
The ToF-SIMS measurements presented in this thesis were carried out by Jens Bauer
at the Leibniz-Institut für Oberflächenmodifizierung in Leipzig, who also analyzed the
spectra using Surface Lab 6 software (ION-TOF company).
4.5 Ferroelectric Characterization
Macroscopic ferroelectric (FE) measurements were carried out using a TF 2000 HS
model thin film analyzer (aixACCT Aachen). In order to measure field dependent
polarization P (E)-loops, the current response I to an external voltage U is recorded
across a sample capacitor structure with area A. P ([P ] = µC cm−2) is calculated from









The field E ([E] = MV cm−1) is calculated as E = U/dtot, where dtot is the thickness of
the film sandwiched between the Pt top contact and the NSTO substrate, which func-
tions as back contact. The setup uses the virtual ground method to record the current
and is capable of dynamic leakage current compensation [174] and in-situ compensation
of parasitic capacitance [175].
The most common measurement mode performed, was the dynamic hysteresis mea-
surement (DHM), which is schematically depicted in Fig. 4.14. A series of four sym-
metric triangular voltage pulses with duration of 1/f is applied subsequently as shown
in Fig. 4.14 a). The first and third pulses create a defined pre-polarized state (see
Fig. 4.14 b)). After a delay time tdelay of typically 1 s the second and fourth pulse,
respectively, is applied to measure the I(E)-loops (see Fig. 4.14 c)). The respective
first halves of the measurements contain information pertaining to the loss of polariza-
tion that occurs during the delay between pulses. The respective second halves of the
measurements are combined to yield the true I(E)- (P (E))-loops, which are used to
extract the characteristic hysteresis parameters (see Fig. 2.3 b)). Note however, that
the software shifts the measured data in such a way as to symmetrize the minimum
and maximum polarization values.
To further illustrate the P (U) measurement procedure, a number of exemplary
DHM measurements recorded on a resistor and capacitor at various frequencies f are
depicted in Fig. 4.15. The individual components were chosen with a resistance R
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Figure 4.14: Schematic representation of the DHM measurement mode of the TF 2000 HS
model: (a) sequence of triangular pulses consisting of pre-polarization pulses 1 and 3 and
measurement pulses 2 and 4 (adapted from [176]), (b) corresponding P (E)-loops and (c)
according I(E)-loops for the two measurement pulses.
and capacitance C close to typical sample values to model a lossy dielectric without
a ferroelectric component. As shown in Fig. 4.15 a), the ohmic resistor produces a
linear I(U)-curve that is invariant under f -variation, according to the relation I =
U/R. However, as P is calculated as P =
∫
Idt/A, P (U) is a double parabola with
dependence on f . For the capacitor, I = C · dU/dt, and since triangular voltage
pulses are used, this results in a constant charging current that scales with f as well
as Umax. The corresponding P (U)-curve is a straight line, which is invariant under
f . Figs. 4.15 c)-e) show the DHM measurements of resistor and capacitor in parallel
at various frequencies. A combination of the former two, the opening of the P (U)-
loop created by the resistive component is diminished with increasing f . It is fairly
common that curves such as in Fig. 4.15 c)-e) are mistaken for ferroelectric hysteresis
loops [177]. While the general banana- or cigar-like shape of such a P (E)-loop roughly
approximates a ferroelectric hysteresis, no polarization switching occurs.
In fact, a ferroelectric sample, such as the BTO-BFO multilayers discussed in this
thesis, behaves exactly like such a RC circuit if measured below its coercive voltage.
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Figure 4.15: Exemplary P (U)- and corresponding I(U)-loops recorded in the DHM mode
at 10 to 1000 Hz for (a) a 0.7 MΩ resistor (I(U) invariant under f -variation), (b) a 9.6 nF
capacitor (P (U) invariant under f -variation) and both elements in parallel at (c) at 10 Hz,
(d) at 100 Hz and (e) at 1000 Hz. An arbitrary area of 1 mm2 was assigned to calculate P .
This is exemplified by the measurement of a typical 15×[(BaTiO3)10 nm - (BiFeO3)10 nm]
multilayer presented in Fig. 4.16 a). At intermediate maximum measurement voltages
close to the coercive voltage, a curve such as depicted in Fig. 4.16 b) will be produced.
And finally, if the applied maximum voltage exceeds the coercive voltage, a curve as
shown in Fig. 4.16 c) is the result. In addition to the capacitive charging current and
a leakage component, ferroelectric switching peaks can be observed. This current is
the result of surface screening charges, compensating the sample polarization, flowing
from one electrode to the other. Hence, the integrated current of the switching peaks
is independent of f -variation, though the peak position can vary according to the
material’s specific switching dynamics. The resulting P (E)-loop is that of a classic
ferroelectric hysteresis loop overlaid with the P (E)-loop generated by the RC circuit.
Due to the aforementioned frequency dependencies of the resistive and capacitive
contributions, it is possible to identify them by changing the measurement frequency.
Fig. 4.16 d) and e) show the corresponding measurements at 10 Hz and 100 Hz. It
is clear from the I(E)-curves that there is a resistive, but non-linear contribution to
the total current, adding a false opening of the P (E)-loop. The TF 2000 ’s leakage
compensation utilizes this frequency dependence to subtract the leakage current from
the measurement by measuring at two adjacent frequencies, for further details see [174].
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Figure 4.16: Exemplary I(E)- and P (E)-loops recorded in the DHM mode at 1000 Hz for
a 15× [(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer on SrTiO3:Nb at (a) 5 V, (b) 20 V and (c)
35 V, (d) at 10 Hz and 35 V and (e) 100 Hz and 35 V. (f) shows a leakage current density
measurement on the same multilayer recorded at a maximum voltage of 10 V.
The explicit voltage dependence of the leakage current density j ([j] = A/cm2) can
be measured by applying a stepped voltage, as depicted in the inset in Fig. 4.16 f). As
the ferroelectric switching current and capacitive charging current flow only for a few ms
after the near-rectangular voltage change [176], the leakage current is measured in the
time frame of the last 70 to 90 % of the 2 s voltage step. The resulting leakage current
depicted in Fig. 4.16 f) resembles that of an asymmetric back-to-back Schottky-diode.
The reader is referred to section 5.1.4 for a more detailed discussion of the leakage
current behavior. To briefly summarize:
• In order to identify a ferroelectric as such, it is imperative to not only consider
the general shape of the P (E)-loop, but also the corresponding I(E)-curve con-
cerning switching peaks;
• If the measurement voltage is lower than the coercive voltage, partial switching
peaks may falsely be identified as asymmetric leakage current;
• Leakage current and capacitive charging current contributions can be identified
by variation of the measurement frequency.
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Note also the asymmetry of the I(E)- and P (E)-loops of the multilayer in Fig. 4.16.
It is related to the phenomena of imprint and self-poling, which will be discussed in


























Figure 4.17: (a) Possible measurement geometries (top-bottom and top-top) for the FE
measurement on a thin film sample with conductive substrate; (b) orientation of polarization,
electron flow, technical (positive) current in a ferroelectric thin film capacitor.
The FE measurements were performed on thin film samples deposited onto conduc-
tive NSTO substrates. The corners of a substrate are not coated with a film, as they
are shielded by the top plate of the PLD-substrate holder. Two possible measurement
geometries arise, as depicted in Fig. 4.17: (I) top-to-bottom, where the top contact is
a Pt-electrode on the film and the bottom contact is the NSTO substrate, which is
contacted through a Pt-electrode on one of the corners of the substrate; (II) top-to-
top, where both measurement contacts lie on the film surface, the substrate acting as
conductive connection between the two capacitors. If not stated otherwise, the top-
to-bottom geometry was used for the FE measurements. In all electric measurements
performed throughout this thesis, the top contact is used as virtual ground. Hence, a
positive switching current is observed for a positive bias voltage, when the polarization
in the thin film capacitor is switched from a down (pointing to the substrate) to an up
(pointing to the top contact) state, requiring the flow of screening charges into the top
contact, see Fig. 4.17 (right).
4.6 Magnetic Property Measurements
Magnetic measurements were performed using a vibrating sample magnetometer (VSM).
The working principle of this device makes use of Faraday ’s law of induction: the chang-
ing magnetic flux caused by oscillating sample movement induces a voltage in a static
first order gradiometer pickup coil pair. A lock-in amplifier is used to record the result-
ing induced voltage, which is used to calculate the sample’s magnetic moment. The
original setup designed by Foner in 1955 [178] used a simple loudspeaker to drive the
sample. The setup used in this thesis is built into a LOT Quantum Design Physical
Property Measurement System (PPMS). The sample is attached to a quartz paddle
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with varnish, which is connected to a linear motor outside the sample chamber by a long
carbon fiber rod. The sample is driven at 40 Hz with a peak displacement amplitude of
2 mm. Due to the limited size of the pickup coils, centering the sample combined with
repeated touchdown operations during measurement are necessary. The setup has a
nominal noise level smaller than 0.6µ emu (=̂0.6× 10−9 A m2) at 300 K [179], capable
of operating in temperature ranges between 1.8 to 400 K and generating magnetic fields
of up to 90 000 Oe (=̂9 T). Both temperature dependent (M (T )) and field dependent
(M (µ0H)) magnetization measurements were performed. Generally,M(µ0H)-curves
contain a linear paramagnetic contribution from the quartz sample holder and sub-
strate, which needs to be subtracted from the M (µ0H)-data by fitting the saturated
high field portion of the curve. The magnetization M = m/V = m/(dtot · A) is cal-
culated from the measured magnetic moment m using the thickness dtot derived from
either multilayer fringes or XRR measurements and the film area A , as measured via
LSM. M is expressed in units of emu cm−3 or µB/f.u.,2 using the approximate unit
cell volume Vf.u. = a3ave calculated from the average lattice parameter of the film aave.
A brief discussion on the measurements concerning the non-linearity of the mag-
netic field generated by the superconducting magnet of the PPMS can be found in
the Appendix B. Measurements of the magnetic background signal generated by the
sample holder, substrates and artifacts created by contamination can also be found in
Appendix B.





Figure 4.18: Measurement geometry for the linear longitudinal magnetoelectic voltage mea-
surement.
The measurements of the ME coupling coefficient αME were carried out by Vera Lazenka
and Johanna K. Jochum in the group of Krisitaan Temst and André Vantomme at
21 emu = 103 A m−1 = 1.0783× 1020 µB, Bohr magneton µB = 9.247× 10−24 J T−1, f.u. is short
for formula unit.
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the KU Leuven in Belgium. In this thesis, αME is defined as the longitudinal first
order electric field response UME to a changing magnetic field H : αME = dE/dH =
1
dtot
dUME/dH , measured across a capacitor of thickness dtot, see Sec. 2.2.1. In this work,
the measurement units of αME are Vcm−1Oe−1, for a detailed discussion of possible
units of αME, see Refs. 180 and 181. The alternating magnetic field HAC is applied
parallel to the substrate normal, i.e. parallel to the capacitor formed by the NSTO
substrate, the film and the Pt top contact. The measurement geometry is depicted in
Fig. 4.18. The resulting voltage was measured using a lock-in amplifier tuned to the
excitation frequency. Both temperature dependent αME measurements in 0 Oe DC bias
field and room temperature DC bias field dependent measurements in up to 6× 104 Oe
(6 T) were performed.
The setup in Leuven was built to work with a LOT Quantum Design PPMS system.
A standard PPMS measurement puck was modified as sample holder with a small
hand-wound coil with 1290 turns of AWG 36 phosphor brass wire. A Keithley 6221
current source was used to drive the current through the solenoid. The current was
set to generate a root mean square AC field strength of 10 Oe at 1 kHz. The root
mean square of the voltage response was measured with a Stanford Research SR830
lock-in amplifier. The internal magnet of the PPMS system was used to generate the
DC magnetic bias field, also parallel to the substrate normal. The temperature was
measured with the system’s internal thermometer. For more details on the setup, see
also Refs. 11,121 and 182.
As the setup was first built, a great deal of effort went to excluding the influence
of parasitic signals on the measurement. The functionality of the finished setup was
tested by measuring samples with no ME coupling, such as glass substrates and bare
BTO films, which returned negligibly small noise signals three orders of magnitude
lower than that of a bare BFO film.
In the course of this thesis, a reproduction of the original setup was built in Leipzig.
The details of the setup, including calibration of the solenoid, can be found in the Ap-
pendix A. However, due to the extreme sensibility of the measurement to the particular
shielding and cable choices, the new setup has not produced any reliable, reproducible
measurements, so far. Likewise, when the original setup was re-assembled in Leuven in
2019, only various parasitic signals were measured on all samples, including explicitly
non-ME samples. The key expert with long-standing hands-on experience who mainly





Before delving into novel insights gained over the course of this thesis, let us take a
step back and re-examine the knowledge base that has been established in the forefront
of this work. There are a number of key discoveries that will be the basis of further
argumentation. Additionally, some directly prompt the fundamental questions which
act as the underlying motivation behind the research conducted in the framework of
this thesis. A more elaborate overview of these previous results has already been given
in Sec. 3.5.4, the following is an abridged summary of the key findings:
• BTO-BFO multilayers show enhanced ME coupling relative to single-layers
• The αME -coefficient of multilayers saturates at 1 to 2 T bias magnetic field, while
single-layers show a maximum at around 1 T
• Samples grown at lower pO2 show lower αME-values than those grown at high pO2
• Reduced pO2 during growth leads to higher degrees of OOT and microstrain
• High αME -coefficients occur in multilayers with a certain degree of intermixing
at the interfaces
• Variable interface roughness and the presence of droplets complicate chemical
depth profile measurements
• High leakage current in ferroelectric measurements hinders effective polarization
measurements
• Decreasing BFO-thickness leads to stronger ME coupling and a shift in temper-
ature dependence
• An increasing number of interfaces is correlated with increasing perpendicular
magnetic anisotropy and higher αME -values
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In particular the last two points shed a new light on some older discoveries. The
investigation of the influence of the deposition pressure was carried out with samples
generated with the same number of pulses, which led to profound changes in the thick-
ness of individual layers and double-layers. This demands a second glance with more
closely controlled multilayer design. In order to fill in the gaps of knowledge on the ME
coupling in BTO-BFO multilayers and further improve the sample quality, this thesis
will attempt to answer a number of fundamental questions:
• Which sample properties are inherently characteristic of BTO-BFO multilayers
and single-layers?
• How can we positively affect the droplet-density, interface roughness and leakage
current by means of:
– Growth parameter optimization?
– Multilayer design?
– Advanced deposition techniques (eclipse-PLD)?
• How can we further enhance ME coupling in BTO-BFO multilayers and what
can we learn about its origin?
The following chapter will be structured as follows: the first section will discuss
the general properties commonly discovered in BTO-BFO multilayers particularly in
comparison with single-layers. In the second section, changes in the morphologic,
structural, magnetic and ferroelectric properties in response to variations of the pro-
cess conditions in PLD thin film growth of BTO-BFO multilayers will be explored.
The third section will cover the implications of multilayer design choices, divided into
the simultaneous and isolated modification of double-layer thickness and constituent
component ratio. With the background of the combined knowledge laid out in these
sections, we will examine the magnetoelectric properties of BTO-BFO multilayers in
relation to oxygen partial pressure during growth, BTO-BFO ratio and double-layer
thickness.
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5.1 General Properties of Single-Layers and Multi-
layers of BaTiO3 and BiFeO3
To begin with, we will examine the general properties of BTO-BFO multilayers. This
will establish a baseline, which will be used to identify variations in the material prop-
erties, that are induced by changes in the growth conditions and multilayer design
choices. In particular, the dominant differences between single and multilayers will
be discussed. First, the structural aspects will be examined, followed by the electric,
magnetic, and finally magnetoelectric properties of BTO and BFO single-layers and
BTO-BFO multilayers.
5.1.1 Structural Properties
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Figure 5.1: XRD 2θ-ω scans of a 240 nm BTO single-layer (G5993), a 363 nm BFO single-
layer (G6050) and a 15 × [(BaTiO3)27 nm - (BiFeO3)16 nm] multilayer (G6043), deposited on
STO under standard conditions. The 2θ range of 20 to 25◦ in vicinity of the STO (001) peak
is presented in detail before the x-axis interruption. Various observable features are marked
as follows: ∼: Cu Kβ peak, #: W Lα1 peaks, ∗: STO (00l) peaks, +: single-layer (00l) peaks,
◦: multilayer fringe peaks.
The structural properties of any material have a profound influence on its physical
properties. First, let us confirm that the single- and multilayers of BTO and BFO
deposited at standard conditions form phase-pure and epitaxial, i.e. crystalline, well
ordered and oriented layers on the STO substrate. Fig. 5.1 shows the XRD 2θ-ω scans
of a typical BTO single-layer, a BFO single-layer and a BTO-BFO multilayer. Both
single- and multilayers show only (00l) film peaks close to the respective (00l) substrate
peaks, with no signs indicative of additional phases. This speaks of so-called cube-on-
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a) c)b)
RSM -103 RSM -103 RSM -103
Figure 5.2: XRD RSMs around the (1̄03) STO substrate peak of (a) a 240 nm
BTO single-layer (G5993), (b) a 363 nm BFO single-layer (G6050) and (c) a 15 ×
[(BaTiO3)27 nm - (BiFeO3)16 nm] multilayer (G6043), deposited on STO under standard con-
ditions. The heat map colors represent measured intensities on a logarithmic scale, blue
representing small values and red large values.
cube growth of the respective perovskite phases. The multilayer structure additionally
produces multilayer fringe peaks, as marked in Fig. 5.1, which allow the determination
of ddl = 44± 1 nm. Fitting of a XRR measurement of this sample gives approximate
BTO and BFO thicknesses of 27 nm and 16 nm, respectively.
Table 5.1: Lattice parameters of a 240 nm BTO single-layer (G5993), a 363 nm BFO single-
layer (G6050) and a 15 × [(BaTiO3)27 nm - (BiFeO3)16 nm] multilayer (G6043), deposited on
STO under standard conditions. In-plane (a‖) and out-of-plane (a⊥) lattice parameters are
extracted from asymmetric (103) XRD RSM measurements using the STO peak as internal
standard. Also listed: the full width at half maximum (FWHM) of the (002) peak in ω
direction. The error of the lattice constants is estimated to be 0.015Å and 0.005Å for a‖-
and a⊥, respectively.
sample a‖BTO a⊥BTO a‖BFO a⊥BFO FWHM002
(Å) (Å) (◦)
G5993 4.021 3.997 – – 0.267
G6050 – – 3.943 4.012 0.305
G6043 3.986 4.033 3.986 3.922 0.209
As discussed in Sec. 4.2.2, a thin film can fully grow in-plane strained to the sub-
strate, partially, or fully relaxed. Reciprocal space mapping around asymmetrical sub-
strate peaks reveals these relations, as shown in Fig. 5.2 for the three exemplary sam-
ples. The lattice parameters extracted from these RSM measurements are tabulated
in Table 5.1. It is clearly evident from the lack of horizontal alignment in Fig. 5.2
that neither single-layers nor multilayers grow fully strained to the substrate, but at
least partially relaxed. The OOP lattice parameter a⊥ of the single-layer BTO film
is compressed relative to the IP parameter a‖, i.e. in the single-layer the tetragonal
c-axis is oriented perpendicular to the OOP (001) substrate axis. However, no peak
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splitting is evident, which would be the case for a mixed a1 and a2 domain structure.
In contrast, the multilayer presented in Fig. 5.2 c) and all other investigated BTO-
BFO multilayers, show OOP c-axis orientation for BTO. Similarly, a small elongation
(compression) of the BFO OOP lattice parameter a‖ relative to the IP a⊥-value can be
found for the single (multi-) layer in XRD measurements, deviating slightly from the
nominal pseudo-cubic symmetry.
A closer, more detailed examination of the lattice parameters is made possible by
TEM measurements of high quality cross-sections, as depicted in Fig. 5.3. The first
monolayer BTO is coherently strained to the substrate. As indicated in Fig. 5.3 a)
and shown in greater detail by IP lattice parameter measurements in Fig. 5.3 b), relax-
ation of the films is confined to the first ∼3 nm of BTO. After this critical thickness,
no variation of the lattice parameters were found in any observed multilayer films
across the entire film thickness. All subsequent BTO and BFO layers are coherently
strained to one another, showing no explicit lattice parameter variation with distance
from the interfaces. The lattice parameters as measured by TEM (using the STO
lattice parameters for calibration) are: a‖ave = 3.99± 0.04Å, a⊥BTO = 4.12± 0.07Å,
a⊥BFO = 4.03± 0.03Å. This confirms the c-axis orientation of BTO in the multilayer,
the tetragonal distortion of the cubic BFO cell however is within the error margin of
the lattice parameter determination. In Sec. 5.3, we will delve deeper into the matter
of tuning the inter-layer strain via multilayer design choices.
Another feature common to most BTO-BFO multilayers is the reduced FWHM of
the (00l) peak relative to single-layer deposited under identical conditions and with
similar total thicknesses. The FWHM of the (002) peak in ω-direction is listed in
Table 5.1 for the above mentioned films. The extent to which a peak is broadened in
ω-direction is a gauge for the mosaicity and micro-strain of a film. Since the ω-FWHM
is lower in multilayers when compared to single-layers, this implies a mutually benefi-
cial influence on the ordered growth of both materials when arranged in a multilayer
structure. Strictly speaking, this is only true for intermediate BTO-BFO ratios, as dis-
cussed later in Sec. 5.3. For an overall comparison, the average FWHM of a nominally
single-crystalline STO substrate is in the range of 0.03 to 0.06◦.
Multilayer Stacking Effect
The evolution of strain states and the surface quality of multilayers was investigated
on the basis of a series of samples with an increasing number of layers. The (multi-)
layers of n × [(BaTiO3)10 nm - (BiFeO3)10 nm], where n is the number of double-layer
repetitions, were deposited on annealed STO in chamber F using standard conditions.
After growth rate calibration, 320 pulses were used for the BTO layers and 1200 pulses
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Figure 5.3: (a) (110)-oriented TEM cross-section of the first few layers of a 15 ×
[(BaTiO3)2.4 nm - (BiFeO3)2.4 nm] multilayer (F032) at the interface to the STO substrate;
(b) IP lattice parameters of the first ten monolayers of BTO averaged over 20 unit cells,
showing gradual relaxation over the first seven monolayers (∼3 nm). Note that the first BTO
layer is thicker than the rest of the BTO layers, as the film was grown with an additional buffer
layer of BTO with 300 laser pulses at 1 Hz, which coincidentally results in a 3 nm layer. The
lattice parameters presented in (b) are corrected using the nominal 3.905Å lattice constant
of STO [49] as reference. Graphs adapted from Ref. H5 (supplementary).
for the BFO layers. The values for n were selected as 0.5, 1, 1.5, 2, 4.5, 5, 14.5 and
15 double-layer repetitions. Half-integer values imply BTO-termination, integer values
BFO-termination of the layer stack. Reciprocal space maps around the asymmetric
(103) STO peak of these eight samples are presented in Fig. 5.4. Since the signal-to-
noise ratio is relatively low for the first four samples, the peak-positions are marked
by dashed lines. Note also that the RSM measurements are not corrected to match
the observed STO peak position to the nominal bulk value. The relaxation of the first
BTO layer is visible as an asymmetric smudging of the film peak in Fig. 5.4 a). All
consecutive layers grow strained to the previous layer, as the horizontal alignment of
film peaks in Fig. 5.4 b) through h) shows. After n = 4.5, superstructure fringe peaks
emerge as a result of the repeated double-layer stacking.
The lattice parameters of the n× [(BaTiO3)10 nm - (BiFeO3)10 nm] films are presented
in Fig. 5.5 b). For n = 0.5 and 1, The films can be said to be nearly strained to the
STO substrate. All following films are at least partially relaxed with respect to the
substrate and show variations only in the range of the margin of error. All BTO films
are c-oriented with a tetragonality of a⊥/a‖ =∼ 1.04, all BFO layers show pseudo-cubic
symmetry. As will be discussed in Sec. 5.3, the in-plane lattice parameter is not strictly
determined by the first layer though, but a result of the relative BTO-to-BFO ratio.
The evolution of the surface roughness parameterRrms with n is displayed in Fig. 5.5 a).
The first 10 nm thick layer of BTO has a surface roughness comparable to that of a
bare, annealed STO substrate. Subsequent layers show greater Rrms -values of up to
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Figure 5.4: Reciprocal space maps around the (103) STO peak of n ×
[(BaTiO3)10 nm - (BiFeO3)10 nm] (multi-) layers with n = (a) 0.5, (b) 1, (c) 1.5, (d) 2, (e)
4.5, (f) 5, (g) 14.5, and (h) 15, deposited under standard conditions on STO. The positions
of peaks relating to BTO, BFO and superstructure fringes are marked, as well as the skewness
of the first BTO peak indicating relaxation.
0.82 nm for n = 14.5 (BTO-terminated). The last, BFO-terminated sample again
has a lowered Rrms -value of 0.46 nm. At this point it is worth pointing out that an
ideal approach to investigating the layer stack effect would use only one sample that
is examined at all stages of 0 ≥ n ≥ 15 in-situ, without breaking the vacuum. Since
this was not an option with our current setup, this series of samples was produced in-
stead. This further compromised the integrity and significance of the surface-roughness
measurements by AFM, which can be profoundly affected by the small sample area
(typically 2.5 µm× 2.5 µm) and lateral position. However, in direct comparison with
single-layer to multilayers with comparable thickness, the effect of layer stacking on
the overall film roughness emerges very clearly. The Rrms -values of the three films
discussed in the previous section (see Table 5.1) is: 1.07 nm for the 240 nm BTO
single-layer (G5993), 2.24 nm for the 363 nm BFO single-layer (G6050) and 0.36 nm for
the 15× [(BaTiO3)27 nm - (BiFeO3)16 nm] multilayer (G6043).
In other words, the growth of BTO and BFO as multilayer structure appears to
result in a mutually beneficial growth mode, reducing the resulting surface roughness.
A possible explanation for this phenomenon lies in the process sequencing. Every
turnover between the two target types introduces an approximately 1 min gap in the
ablation process, which could introduce a critical relaxation period of the only 10 nm
individual layers. In analogy, the “imposed layer-by-layer growth”, reported by Koster
et al., intersperses mono-layer pulse-bursts with relaxation periods [183]. However,
57
Chapter 5. Results: BaTiO3–BiFeO3 Heterostructures
depositing ∼300 nm BTO and BFO single-layer films with 1 min breaks in between
1000 pulse bundles had no similar effect.
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Figure 5.5: Evolution of the (a) surface roughness parameter Rrms , as measured
by AFM, and (b) lattice parameters of BTO and BFO, as determined from RSMs, of
n × [(BaTiO3)10 nm - (BiFeO3)10 nm] (multi-)layers with n (number of double-layers). The
gray lines in a) and b) indicate surface roughness and the lattice parameter, respectively, of
the STO substrate.
Oxygen Octahedral Tilt
As stated in Sec. 3.1, one of the most striking structural features of oxide perovskites
is the tilt of oxygen octahedra, OOT. Due to its direct connection to bond angles and
local geometry, OOT has profound influence on functionality [37]. In the particular
case of BFO the tilt angle is linked to the materials’ magnetism and magnetoelectric
behavior via the Fe–O–Fe bond angle (see Sec. 3.4). Due to their cubic Pm3m and
tetragonal P4mm symmetries, OOT is geometrically prohibited in both STO and BTO.
In R3c symmetric rhombohedral BFO, a−a−a− (Glazer notation [48]) OOT occurs,
the oxygen octahedra tilted in all three spacial axes, with alternating signs of tilt
angle. This ordered OOT sets up a new 2 × 2 × 2 unit cell. Accordingly, in fast-
Fourier -transformation (FFT) images of (110)-oriented TEM cross-sections a−a−a−






) peaks in addition to the
main structure peaks. Accordingly, e.g. in (100)-oriented cross-sections, the alternation
tilted O-atom columns would be imaged overlaid on one another and would not lead
to the appearance of half-integer peaks in an FFT image.
Fig. 5.6 shows such an exemplary (110)-oriented TEM cross-section of a highly
ordered 15 × [(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer grown by eclipse-PLD. In
Fig. 5.6 b) and c), the selective area FFT images of the marked BTO and BFO areas
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Figure 5.6: (a) (110)-oriented TEM cross-section and reduced FFT images of the indicated
(b) BTO and (c) BFO areas of a 15×[(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer (F223). The
reduced FFT image of the BFO layer clearly shows additional half-integer (h+ 12 , k +
1
2 , l +
1
2)
peaks corresponding to the a−a−a− OOT system of BFO. These features are fully absent in
the BTO layers.
marked in Fig. 5.6 a) are depicted. Both materials can be distinguished by their lat-
tice parameters: a‖ = 3.93± 0.02Å, a⊥BTO = 4.07± 0.02Å, a⊥BFO = 3.95± 0.03Å.
The FFT image of the BTO region shows only the main structural peaks, while the
FFT image of the BFO region clearly exhibits additional half-order peaks, indicative
of a−a−a− OOT. This suggests that the OOT is firmly confined to the BFO phase and
that both materials appear in their bulk symmetries.
However, this raises the question how this disparity between the two phases is rec-
onciled at the interface. In principle, it is possible for OOT to propagate for a few unit
cells into a material system, in which OOT is nominally forbidden, depending on the
stiffness of the inter-atomic bonds [184]. However, it has also been found that just a sin-
gle monolayer of BTO is capable of blocking the large angle OOT inherent to GdScO3
from propagating into a proximate SrRuO3 layer [38]. Conversely, Borisevich et al.
found a total suppression of OOT in BFO at the hetero-interface to La0.7Sr0.3MnO3,
which gradually relaxes over ∼ 8 unit cells. Since OOT and the magnetic and magne-
toelectric properties of BFO are deeply entwined, more detailed investigations of the
actual interface structure of BTO-BFO multilayers may prove essential. Direct analysis
of the tilt angles [185] or atomic column shape analysis [186] could give an unit cell
resolved insight in the relaxation of the OOT at the interface. However, generating the
very high-quality TEM images, such as used in [38, 184-187], as well as the necessary
sub-pixel data analysis [188] go beyond the scope of this thesis.
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5.1.2 Chemical Profile
We have recently published an in-depth study on the chemical depth profiles of two
BTO-BFO multilayers in Ref. H1. In the study, we combined the techniques of
ToF-SIMS, STEM-EDX and secondary neutral mass spectrometry for a better un-
derstanding of the chemical makeup of the multilayers. The measurements revealed
a slight asymmetry of the Ba, Ti, Bi, and Fe distributions relative to the respective
upper and lower interfaces. A number of trace elements such as Na, K, S, Si, P, and
C were identified, with enhanced concentrations at the interfaces. There were also
signs of chemical intermixing of BaTiO3 into the BiFeO3 layers. It has to be noted
that the samples investigated in Ref. H1 suffered from large interface roughness in the
nm-range, which likely lowered the actual depth resolution of the measurements at the
interfaces. In particular, making statements about chemical intermixing were compli-
cated due to this situation. Recently, a significant lowering of the interface roughness
was achieved by eclipse-PLD. This enabled us to perform comparative chemical depth
profile measurements with drastically reduced influence of the interface roughness, as
will be discussed in detail in Sec. 5.4.
Lastly, we found a significant concentration of Bi in the first BaTiO3 layer near
the SrTiO3 interface [H1]. The effect is detectable both in ToF-SIMS and in STEM-
EDX measurements and exclusively occurs in the first BTO layer. We were able to
reproduce this measurement for all samples that were investigated with STEM-EDX
since, provided the quality of the cross-section allowed for high-resolution mappings.
Fig. 5.7 b)-f) show the 2D elemental distribution of Ba, Bi, O, Ti, and Fe as measured
by STEM-EDX near the interface of a recent 15× [(BaTiO3)10 nm - (BiFeO3)10 nm] mul-
tilayer deposited by eclipse-PLD (sample F223d). As can be seen by the Z-contrast
in Fig. 5.7 a) (dark-field TEM image), the sample has sharp interface transitions with
only ca. 1 unit cell interface roughness. Fig. 5.7 g) shows the normalized, horizontally
averaged intensities of the elemental maps in OOP direction. The Bi enrichment at
the STO interface stands out clearly. It is not accompanied by an enhanced Fe signal,
but rather by a diminished Ba and Ti signal intensity. No other intermixing effects are
apparent, apart from a 2 to 3 nm symmetric interface transition region, which can be
ascribed to excitation in adjacent areas due to the non-negligible size of the electron
beam interaction volume. Also in ToF-SIMS measurements, presented in Fig. 5.8, the
Bi accretion at the bottom of the first BTO layer is detectable for this sample. Note
that the data in Fig. 5.8 is presented logarithmically, whereas the scale in Fig. 5.7 g)
is linear. An exact quantitative interpretation of either measurement is difficult due to
matrix effects affecting the ionization probability in ToF-SIMS measurements and the
high error level in EDX measurements. Nevertheless, it is evident that a significant
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Figure 5.7: STEM(-EDX) images of sample F223d near the substrate: (a) HAADF image;
(b)-(f) EDX distribution of Bi, Fe, O, Ba, and Ti, respectively; (g) vertical intensity profile
of the EDX intensities shown in (b)-(f). Note that the Ba intensity in the substrate region
at the bottom of the image is due to an overlap of the Ba Lα and Ti Kα peaks, not due to
the presence of Ba in the SrTiO3 substrate.
amount of Bi in the order of magnitude of 10 at % relative to Ba and Ti is present near
the substrate. The origin of this phenomenon is likely the re-evaporation of volatile
Bi from the deposition chamber walls from previous deposition processes. Due to the
large resistive heater used in our deposition chamber design, the entire chamber sur-
rounding the heater and in particular the sample holder itself are heated. This leads
to a surge in Bi desorption during the pre-heating process, a time period of up to 1 h
during which the sample is brought up to process temperature.
5.1.3 Presence of Droplet Particles
Another ubiquitous feature common to all films is, as mentioned in Sec. 4.1.1, the
presence of so-called droplets. Generated by non-equilibrium processes during pulsed
laser ablation, these particles of up to several 100 nm do not necessarily share the
same chemical makeup and phase of the surrounding thin film. Understanding the
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Figure 5.8: ToF-SIMS chemical depth profile of a typical BTO-BFO multilayer deposited
by eclipse-PLD near the STO interface.
nature of these droplets is crucial to determining their impact on the overall sample
properties. Fig. 5.9 shows the structure and elemental distribution of a cross-section
of a typical BTO-BFO multilayer at a position containing droplets. As the STEM and
STEM-EDX images show, the droplets reached the sample surface sometime during
the deposition and were subsequently overgrown. All experimentally observed droplets
contained mostly Fe and O. Rarely some amount of Bi is present in the droplets as
well, as indicated in Fig. 5.9. In case of multilayers grown from 5 at % doped BGFO,
the droplets were shown to be either FexOy , GdxOy , or a mix of both, as presented
in Fig. 5.10. No particles with Ba or Ti content were discovered. In short, droplets
were only generated by ablation from the BFO targets. The most likely candidates
for the precipitate phases are γ-Fe2O3, Fe3O4, Bi2O3, and Gd2O3. Both γ-Fe2O3 and
Bi2O3 are commonly formed in thin film deposition of BFO with less-than-ideal process
parameters [90,91] and possess significantly lower electrical resistivity. The presence of
γ-Fe2O3 is often suggested to be the origin for high reported magnetization values in
BFO thin films [90,91], due to its large magnetization of 1.25µB/Fe. It has to be noted
that no peaks indicative of any such phases have been detected in XRD measurements,
which may be either due to a low overall percentage of the respective materials in the
thin film matrix, or due to a lack of epitaxial alignment. The origin of iron oxide
droplets generated by pulsed laser ablation of BFO was explained by Ujimoto et al. by
the phase separation of BiFeO3 into Fe2O3 and Bi2Fe4O9 at the target surface due to
the volatility of Bi [189].
Also visible in Figs. 5.9 and 5.10 are the different possible morphologies the droplets
can exhibit. While in Fig. 5.9 the droplets appear to mold to the flat surface of the
film, the droplet in Fig. 5.10 retained a spherical shape. Both types are common and
lead to rough outgrowths on the sample surface. Large spherical particles such as the
one shown in Fig. 5.10 can additionally disrupt the film growth by blocking incoming
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Figure 5.9: HAADF STEM image and STEM-EDX elemental distributions of Bi, Fe, O,
Ba, and Ti, as indicated, of sample F026a showing two droplets. The arrows indicate an area
of mixed Bi and Fe content in the droplet.
material. The result is a gap in the film that reaches as far down as the droplet.
The deposition of the Pt top contacts for electric measurements by means of sputter
deposition can fill these gaps, as shown in Fig. 5.10 (middle, bottom row). This is
highly problematic for electronic measurements, as it can lead to premature electrode
breakdown due to the locally increase of the electric field and cause short circuits.
Figure 5.10: HAADF STEM image and STEM-EDX elemental distributions of Bi, Fe, O,
Ba, Ti, Sr, Pt, and Gd, as indicated, of sample G5989c showing a droplet of mixed iron oxide
and gadolinium oxide deposited after the second BTO layer.
In summary, droplets are generated only from the BFO target and are mostly iron ox-
ide. They are likely candidates for premature electrode breakdown, which prevents fully
saturated FE measurements, due to locally enhanced conductivity (cf. Ref. 90) and con-
tacting of otherwise buried layers. LSM measurements show an average concentration
of roughly 50 particles/100 µm2 for samples deposited by conventional PLD. This leads
to a staggering number of 2·104 particles in the 0.04 mm2 area of the electrodes used for
FE measurements. At a conservative estimate, assuming a 100 nm× 100 nm× 100 nm
particle size, this is equal to 0.5 area%, or 0.17 vol% of a standard 300 nm film. This is
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the lower bound and LSM measurements suggest a median value closer to 1.5 area%.
Considering the size of the droplets shown in Figs. 5.9 and 5.10, the droplet volume
fraction in the film could be as large as 1 vol%. This has to be considered also when
turning to magnetic measurements, as 1 vol% of γ-Fe2O3 (2.5µB/f.u.) in a pure BFO
film would falsely raise the measured saturation magnetization from 0.02µB/f.u. to
0.05µB/f.u. An exact determination of the phase and actual volume content was not
possible so far and is complicated by the lack of according XRD peaks.
5.1.4 Leakage Current
As mentioned in Sec. 3.4, one of the greatest challenges when conducting experimental
characterization of BFO thin films is a profound level of leakage current [97, 98]. In
ferroelectric thin film capacitors, leakage current describes a flow of electrons between
the electrodes of a ferroelectric capacitor structure that leads to a loss of polarization
and obscures the ferroelectric switching peaks in dynamic I(E)-loop measurements,
see Sec. 3.4. Due to the overlaid contributions of switching current, capacitive charg-
ing current and resistive (leakage) current in AC measurements, DC leakage current
density measurements were performed. A further experimental issue is the destructive
breakdown of BFO [98,111]. The related breakdown field is dependent on the voltage
dwell time, i.e. breakdown occurs at much lower voltages for DC compared to AC mea-
surements [111]. As a result, DC leakage current measurements were limited to ±5 V.
A significant improvement of the breakdown field was recently achieved for samples
deposited with eclipse PLD, as will be discussed further in Sec. 5.4.
The incorporation of BTO into multilayer structures with BFO has a significant
impact on the leakage current of NSTO-film-Pt capacitor structures. We performed
|j| (U) measurements on BFO and BTO single-layer and a selection of BTO-BFO
multilayers, deposited under standard conditions. The maximum leakage current values
at ±5 V are tabulated in Table 5.2.
Both the BTO single-layer and the BTO-BFO multilayer show significantly reduced
leakage current densities compared to the BFO single-layer. Due to the asymmetric
capacitor design of NSTO-film-Pt the values for positive and negative voltages diverge.
In case of the multilayer, a further asymmetry is introduced to the capacitor design,
as the first layer at the NSTO interface is BTO and the last layer at the Pt interface
is BFO. Changing from a stoichiometric to an over-stoichiometric target has reduced
the leakage current by an order of magnitude. The application of eclipse-PLD pro-
duced a further reduction of the leakage current, for details on samples produced by
this technique, see Sec. 5.4. The improvements introduced by the multilayer design
relative to the single-layer, as well as the improvements introduced by using an over-
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Table 5.2: Leakage current density |j| of various samples at ±5 V. Samples G6050, G5991
and F246 were grown using BFO targets with 10 % excess Bi, G5400 stems from the work of
Peter Schwinkendorf and was grown using a stoichiometric BFO target. Sample F246 was
deposited using eclipse PLD, the others using conventional PLD, all other growth parameters
were nominally identical.
sample description dtot |j|neg |j|pos
(nm) (µA cm−2) (µA cm−2)
G6050 BFO single-layer 389 9.7× 101 5.5× 104
G5993 BTO single-layer 240 3.2× 102 1.6× 10−1
G6044 overstoiciometric multilayer 536 1.2× 101 6.9× 101
G5400 stoichiometric multilayer 300 4.8 5.0× 102
F246 eclipse multilayer 245 1.2 9.5
stoichiometric target and eclipse-PLD likely have one common source. All beneficial
changes are connected to improved growth conditions, which is reflected in reduced
mosaicity and roughness. Lowering of oxygen-deficiency through stoichiometric ad-
justment and reduction of ion bombardment damage lead to a reduction of defects.
Similar results, utilizing growth-optimization of BFO-films, are commonly reported in
literature [190,191].
5.1.5 Imprint and Self-Poling
Concerning the ferroelectric properties of BTO-BFO multilayers, there is one key fea-
ture present in all samples produced in the framework of this thesis, which is called
imprint. The term imprint or imprint field is used in reference to ferroelectric materials
to denote a shift of the center of the ferroelectric hysteresis curve along the electric field
axis [192-194]. This imprint signifies break of the degeneracy of the up and down polar-
ization states. We have previously reported on this feature in Refs. H4,H5 and H3 for
BTO-BFO multilayers. Notably, no sizable imprint is measurable for BTO-BFO com-
posite thin films [11]. Due to substantial leakage current contributions and destructive
breakdown, ferroelectric measurements of our BTO and BFO single-layer films are
most often obscured by artifacts. However, we were able to demonstrate a horizontal
shift of the ferroelectric hysteresis curve measured on BTO single-layer films in Refs. 11
and H3. Likewise, piezoresponse force microscopy measurements published in Ref. 87
suggest a preferential poling of single-layer BFO and rare-earth substituted BFO films.
Preferential poling or self-poling is the term applied to formation of a predominant
polarization direction without the presence of an applied electric field.
Both the horizontal shift due to imprint, as well as the effect of self-poling can be
observed using the DHM ferroelectric hysteresis measurement, as discussed in Sec. 4.5.
The hysteresis curves produced with DHM are recorded by measuring the current
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response to two bipolar, triangular voltage pulses. Each voltage pulse follows an iden-
tical pre-polarization pulse that leads to a positive (up) or negative (down) polarization
state, given that the sample’s coercive field is exceeded. After a waiting time of 1 s, the
measurement pulse is applied, followed by the second pre-polarization and measure-
ment pulses. If the first half of any of the two measurement curves does not match the
second half of the corresponding other measurement curve, it must be due to processes
taking place during the waiting period. To illustrate this notion, the P (E)- and I(E)-
curves measured on F198b, a generic 10 × [(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer
produced by eclipse PLD, are presented in Fig. 5.11.
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Figure 5.11: Details of the ferroelectric hysteresis measurement (a) P (E) and (b) I(E)-
curves of sample F198b (10 × [(BaTiO3)10 nm - (BiFeO3)10 nm], eclipse PLD). The shaded
areas represent the respective first halves of the measurement as measured by a bipolar,
triangular voltage pulse following a respective pre-polarization pulse of the same form, as
outlined in Sec. 4.5. The arrows in b) mark the presence of the extra positive switching
peak and the lack of the negative switching peak. Both occur after the waiting period of
1 s following negative and positive pre-polarization pulses, respectively. The TF 2000 HS ’s
internal leakage compensation was employed for this measurement.
The horizontal shift of both curves is clearly visible. With an average coercive field
of ∼1.5 MV cm−1, the imprint field of 0.5 MV cm−1 significantly shifts the equilibrium
towards positive voltages (applied to the top electrode). The shaded areas denote the
respective first halves of the two measurement segments (red : following positive (up)
pre-polarization; blue: following negative (down) pre-polarization) which follow the
1 s waiting period after pre-polarization. As the I(E)-curves in Fig. 5.11 b) show,
the negative (down) pre-polarization leads to the appearance of a secondary, smaller
positive switching peak and a slight decrease of the primary positive switching peak in
the blue shaded curve. The additional peak could point to a change in the switching
dynamics based on the previous sample treatment. As BFO in [001]p.c. orientation has
four diagonal polarization directions corresponding to each up and down polarization
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direction of BTO, polarization switching in BFO is not limited to linear processes, but
can be the product e.g. of lower energetic threshold limited 71◦ switching followed by
ferroelastic relaxation [195]. More prominently, after the positive (up) pre-polarization
pulse, the negative switching peak is absent in the red shaded curve. This is a clear
indicator that the ferroelectric film reverts from an up to a down polarized state in
the 1 s waiting period. This self-poling is a direct result of the loss of degeneracy as
imposed by the significant built-in imprint field.
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Figure 5.12: I(E)-curves recorded at (a) increasing maximum fields and (b) various
frequencies of sample F198b (10 × [(BaTiO3)10 nm - (BiFeO3)10 nm], eclipse PLD). The
TF 2000 HS ’s internal leakage compensation was employed for the measurement presented
in (b).
Independent of the previous treatment of the sample with different pre-polarizing
voltage pulses, the negative switching peak appears in I(E) measurements with suc-
cessively increasing maximum voltages only after the positive coercive field is reached,
as shown in Fig. 5.12 a). Note that the internal leakage compensation was not used
for the measurements in Fig. 5.12 a). Variation of the measurement frequency, defined
as the inverse of the bipolar pulse length, interestingly leads to a shift of the positive
switching peak, but not of the negative switching peak. Fig. 5.12 b) shows the I(E)-
curves measured on sample F198b at frequencies from 10 to 10 000 Hz. As shown in
the inset in Fig. 5.12 b), the resulting imprint field shifts roughly with the logarithm
of f from 0.5 MV cm−1 at 10 Hz to 0.9 MV cm−1 at 10 000 Hz. Notably, the peak po-
sitions vary between Fig. 5.11 b) and Fig. 5.12 a), and Fig. 5.12 b), despite the fact
that two adjacent contact pads were used for the measurements. Such a discrepancy is
quite common for all samples investigated in the framework of this thesis. This applies
to all quantitative measurement values related to ferroelectricity, i.e. saturation and
remanent polarization, as well as coercive field strength. Likely, this is a sign of local
inhomogeneities and may be connected with the occurrence of droplets in the thin
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films, as no direct relation to other factors such as the size of the electrode pad or its
position on the sample surface could be identified.
The phenomenon of imprint or self-poling of epitaxial ferroelectric films has long
been explored by the scientific community. And though many theories pertaining to
its origin have been produced, consensus about it is still lacking. One of the most
common hypotheses is the involvement of so-called defect dipoles [196]. These are sup-
posedly formed “when two or more oppositely charged point defects in a lattice couple
or interact in such a manner to produce a negative energy of association” [197], e.g.
by introduction of negatively charged acceptor ions and correlating positively charged
oxygen vacancies [196]. These defect dipoles possess large coercive fields and switching
processes are limited by “thermally activated diffusive jumping of the oxygen vacan-
cies” [196]. If the defect dipoles are aligned with respect to the crystal lattice, this
results in a shift of the ferroelectric hysteresis along the voltage axis. Such an align-
ment has even been demonstrated for bulk ceramic samples of BFO by introduction of
a temperature gradient during cool-down [113]. Without such a constraint, polycrys-
talline ferroelectric materials, unlike epitaxial films, do not show imprint. Damodaran
et al. showed that the bombardment damage as incurred during PLD deposition of
BTO films at increasing laser fluence has a direct impact on the imprint field strength,
which they linked to an increased number of defect dipoles [197]. They found that only
BTO films deposited on substrates that impose compressive strain, like DyScO3 or
GdScO, produce an imprinted FE hysteresis loops. They attributed this to downward
alignment of defect dipoles via the compressive strain gradient between substrate and
film surface. Furthermore, they found a clear correlation of the positive coercive field
with the measurement frequency, much as described above and in agreement with the
idea of thermally activated oxygen vacancy jumping related switching [196,197].
Similarly, the existence of a non-switching layer, or simply a layer with very high
coercive field strength, at the interface to the bottom electrode, i.e. the substrate
has been theorized [194, 198, 199]. Abe et al. found an asymmetric hysteresis and
leakage current in BTO thin films deposited on SrRuO3/STO, Pt/MgO and NSTO
[194]. They correlated this phenomenon with thickness dependent film relaxation and
concluded an “asymmetric crystal structure caused by misfit dislocations” close to the
substrate interface as the cause. Similar to the alignment of defect dipoles, compressive
strain of the substrate should lead to a downward polarization in this layer. In a later
publication, based on a phenomenological free energy model function, they suggest that
the presence of free charges, which compensate the innate polarization discontinuity
introduced by a non-switching layer, may be responsible for the observed voltage shift
[198]. As we have found both a 3 nm transient relaxation layer at the interface to STO
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(see Sec. 5.1.1) and a concentration gradient of Bi in the first BTO layer (see Sec. 5.1.2),
the existence of such a non-switching layer is fairly plausible for our samples.
Strain gradients inducing self-poling via the flexoelectric effect have also been sug-
gested for epitaxial films of PbZr0.2Ti0.8O3 [200], BFO [114] and BTO [201]. By varia-
tion of the deposition temperature and film thickness, this leads to either upward or else
downward self-poling for BFO thin films on SrRuO3/STO [114]. Similarly, Beekman
et al. showed that BFO layers on LaAlO3 can be grown as either rhombohedral or mon-
oclinic variant using slightly different La0.3Sr0.7MnO3 buffer layers [202]. The rhombo-
hedral variant showed upward self-poling and the monoclinic variant showed downward
poling, which was attributed to differences in their strain states. Chen et al. note on
the nature of self-poling in BTO thin films: “The upward self-polarization exists in the
thin BaTiO3 films with strong inhomogeneous compressive strain, while it disappears
in thick BaTiO3 films due to strain relaxation. Since the upward self-polarization is
unchangeable when the p-type La0.3Sr0.7MnO3 was replaced by the n-type SrRuO3 and
Nb-SrTiO3, the depletion region and the polar discontinuity at interface are excluded
to be their origins. Similarly, the density gradient of negative charged cation vacancies
is not the main origin because it would introduce downward self-polarization” [201].
This non-dependence of the strain-induced upward self-poling effect was also observed
in the case of PbZr0.2Ti0.8O3 deposited on either La0.3Sr0.7MnO3/STO, SrRuO3/STO
or NSTO [200].
Whatever the actual source of the self-poling effect observed in BTO-BFO multi-
layers may be, its existence is certain. A direct implication of a preferred polarization
direction without the need for a previous poling action relates to the magnetoelectric
measurements performed on such samples. Generally, a magnetoelectric multiferroic
sample with randomly oriented FE domains averaging out to zero net polarization can-
not produce a magnetically induced ME voltage [203-205]. However, our measurement
procedure for the thin film ME effect does not include a FE poling procedure. Due to
the self-poling nature of our samples however, we are able to measure αME nonetheless.
Effect Substrate Annealing on Ferroelectric Properties
It is a fairly common to pre-treat (100)-oriented SrTiO3 substrates for thin film deposi-
tion by etching with diluted hydroflouric acid and annealing in oxygen rich atmosphere.
The substrates are produced by cleaving larger crystals along the required lattice plane
and polishing the surface upon which the film is to be deposited. The pre-treatment cre-
ates well-defined, unit cell stepped, TiO2-terminated surfaces [50, 51]. As a substrate,
STO is mostly used for the growth of perovskite materials such as oxide electrodes like
SrRuO3, ferroelectrics like BaTiO3 and superconductors like YBa2Cu3O7–x [50,51,206].
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The pre-treatment has been found to enable the growth of highly ordered, singly ter-
minated thin film structures [206] and to promote true layer-by-layer and step-flow
growth [50, 51]. The technique was also adapted in the framework of this thesis and
all previous efforts to grow high-quality BTO-BFO heterostructures undertaken by our
group. The effect, however, that the pre-treatment has on the properties of BTO-BFO
multilayers has not been reported so far.
To this end, a series of 15× [(BaTiO3)10 nm - (BiFeO3)10 nm] was deposited on NSTO
substrates under standard conditions. Three deposition processes, each with one pris-
tine (as received) and one annealed NSTO substrates, were carried out, the details
of which can be found in Table 5.3. Eclipse-PLD was employed, as films generated
with this technique tend to withstand the large fields required for ferroelectric testing,
which increases the accessibility of the ferroelectric properties. A higher pulse count
per layer was used to generate the samples labeled F220a and F220a, but yielded very
similar thicknesses. The reason is the dependency of the deposition rate in eclipse-PLD
films on the operating voltage of the excimer laser, more on this topic can be found in
Sec. 5.4. In process F222, the first 300 pulses BTO used a repetition frequency of 1 Hz,
all consecutive pulses and all pulses in process F220 and F221 used a repetition rate of
20 Hz. The reduced growth rate at the beginning of the deposition process is another
technique used by Lorenz et al., which is supposed to promote relaxation in the early
growth process and has been adapted for most samples throughout this work.
Table 5.3: List of samples used for the study of the effect of substrate annealing. The
identifiers a and b refer to one sample deposited on pristine NSTO (a) and another on annealed
NSTO (b), respectively. F222a, b: first 300 pulses BTO were deposited at 1 Hz.
sample Ulaser pulses ddl Pmax Ecoer Eimprint
(kV) per layer (nm) µC cm−2 MV cm−1 MV cm−1
BTO BFO prist. ann. prist. ann. prist. ann.
F220a, b 18.1 1250 4500 18.5± 0.4 50.6 57.5 1.20 1.10 1.37 0.97
F221a, b 17.4 1200 2750 19.1± 0.3 56.8 59.8 1.01 0.81 1.43 1.16
F222a, b 17.6 1200 2750 18.5± 0.5 53.6 58.4 0.92 0.85 1.45 1.19
2θ-ω scans of the samples show no appreciable differences between the samples of
each process deposited on either pristine or annealed NSTO. The regions around the
fist and fourth substrate peak are depicted in Fig. 5.13. In both the high and low
angular regions, the respective 2θ-ω scan pairs match to a high degree. The similarity
is replicated in RSM measurements (not shown here), with identical symmetric and
asymmetric peak-widths in ω -direction measured for F220a and F220b. The consecu-
tively deposited samples F221a, b and F222a, b have extremely similar peak structures
with respect to one another. Samples F220a, b exhibit slightly higher superstructure
peaks. This attests to a slightly higher crystalline quality of the sample, possibly due
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to the slower growth rate at the elevated laser operating voltage. XRR measurements
of sample F220a suggest an approximate individual layer thickness of 9.5 nm for BTO
and 8.8 nm for BFO, fairly close to the supposed standard sample values of 10 nm each.
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Figure 5.13: XRD 2θ-ω scans of samples F220, F221 and F222 a and b used for the study
of the effect of substrate annealing. The identifiers a and b refer to one sample deposited on
pristine NSTO (a) and another on annealed NSTO (b), respectively.
The surface morphologies of all six samples was probed by AFM. Topographical
AFM images of all six samples are depicted in Fig. 5.14. All samples show almost
identical morphologies, as both on pristine and annealed substrates unit cell stepped
irregular terraces are present. The surface roughness Rrms is 0.20± 0.03 nm for all
samples. This highlights the excellent sample quality produced by eclipse-PLD, see
Sec. 5.4.
Figure 5.14: Topographic AFM images taken on samples F220, F221 and F222 a and b.
The identifiers a and b refer to one sample deposited on pristine NSTO (a) and another on
annealed NSTO (b), respectively.
In addition to the samples structural and morphological homogeneity, all sam-
ples showed a small and noisy ferromagnetic hysteresis loop in M (µ0H) VSM mea-
surements at 300 K (not shown). All samples showed a saturation magnetization of
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2.0± 0.2 emu cm−3, ca. 0.015µB/f.u. and a coercive field of 40± 5 mT. The one dis-
tinct difference between samples deposited on pristine or annealed NSTO substrates
was found in ferroelectric measurements. The key ferroelectric measurement parame-
ters of all six samples are presented in Table 5.3. On each sample, three top-electrodes
were selected for measurements, with different distancing from a single bottom-contact,
i.e. with distances of ca. 1 mm, 3 mm and 6 mm to one substrate corner. This creates
a higher statistical significance to the measurements. In addition, it allows the simul-
taneous investigation of a possible influence of the substrate through the electrode-to-
electrode distance. All three sample pairs showed similar trends between pristine and
annealed substrate samples, hence only the P (E) and j(E) measurements of samples
F220a and F220b are presented exemplary in Fig. 5.15. Note that, to maximize compa-
rability, the electrode areas were determined individually via LSM and in Fig. 5.15 a),
the current density j is plotted instead of I . Between the three measurement points la-
beled close, center and far, no systematic changes with the electrode-electrode distanc-
ing were found, only small randomized deviations due to minor local inhomogeneities
in the sample. In all three sample pairs, the respective negative and positive switch-
ing peaks occur at larger fields in j(E) measurements. In the corresponding P (E)
measurements, the change is mirrored only in the positive coercive field, the nega-
tive coercive field is largely unaffected. Most notably, the imprint fields of samples
deposited on annealed substrates is 18 to 29 % smaller than for samples deposited on
pristine substrates. At the same time, the maximum polarization is increased buy up to
14 % for samples on annealed substrates. The increased polarization is, however, likely
linked to a marginally larger leakage current at large positive fields, as indicated by the
upwards bend in the blue, purple and violet j(E)-curves shown in Fig. 5.15 a). Fur-
thermore, there is no visible difference between the samples deposited with and without
an initially slower laser repetition rate for the first BTO layer (F221 and F222).
In summary, the effect of NSTO substrate annealing on the general material prop-
erties of BTO-BFO multilayers is only minute. No significant changes in structure,
morphology and magnetic properties were found. A reduction in coercive and imprint
fields in ferroelectric measurements however suggest that a certain influence on the
polarization state is manifested during growth. As discussed in the previous section,
initial layer growth and interface-bound defects are thought to play an elementary role
in the formation of ferroelectric imprint and large coercive fields [194,198,199]. In the
presented case, it seems that the substrate annealing reduces such effects. At the same
time, a reduction of the laser repetition rate from 20 to 1 Hz for the first 300 pulses
has no effect to that end. At the very least, not in the case of eclipse-PLD, which may
be due to the already low deposition rate of only ∼1Å s−1 at 20 Hz.
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Figure 5.15: (a) P (E) and (b) j(E)-loops measured on Pt-NSTO-multilayer-Pt capacitor
structures on samples F220a (pristine NSTO) and F220b (annealed NSTO). The nominal
Pt electrode areas were 8500 µm2, the actual area sizes diverged slightly and were explicitly
measured by LSM to conserve comparability. The distance from the bottom electrode on
one corner of the sample to the top contacts labeled close, center and far were 1 mm, 3 mm
and 6 mm, respectively. The red and blue dashed lines indicate the average switching peak
positions in a) and the maximum (negative) polarization and the positive coercive field in b).
5.1.6 Magnetoelectric Properties
The base value of the ME coupling coefficient αME , measured at 300 K in 0 T, is,
generally speaking, larger in multilayers and solid solution films of BTO-BFO than
insingle-layer of BFO [11]. By measuring the bias magnetic field and temperature
dependence of the αME-coefficient, certain characteristic traits unique to the film types
become evident. This suggests an underlying difference of the origin of the ME effect
inherent to the sample architecture. In Fig. 5.16, exemplary αME(µ0HDC) and αME(T )
measurements of a 363 nm BGFO single-layer (G6051) and a 15× 23 nm BTO-BGFO
multilayer (G5992) are depicted. The inclusion of 5 % Gd in the BFO layers does not
change the characteristics of the αME -curves, for comparison see Fig. 12 in Ref. H5 .
The αME DC bias field dependency of single-layer of BFO, as shown in Fig. 5.16 a),
typically shows a maximum around 1 T, after which αME decreases monotonously. This
behavior is persistent across all of our sample series up to date and also holds for the
solid solution films [11, 147,H3]. A similar behavior was found in the original report
on ME coupling on BFO thin films by Wang et al. [9], albeit with a maximum at much
lower fields. In stark contrast, all BTO-BFO multilayers investigated so far show an
increase in αME with µ0HDC which saturates at 2 to 3 T [11, 148, 152,H3]. So far, we
have only found one exception to this rule - measured for a multilayer with particularly
large BGFO thickness - which will be discussed in Sec. 5.5.
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Figure 5.16: (a) DC bias magnetic field dependent and (b) temperature dependent αME
-coefficient measurements of an exemplary 363 nm BGFO single-layer (G6051) and a 15×23 nm
BTO-BGFO multilayer (G5992). The αME(µ0HDC)-curves in a) were recorded at 300 K and
the αME(T ) in b) were recorded in 0 T µ0HDC. Data was originally published in Ref. H3.
With decreasing temperature, the αME-coefficient of BFO single-layer decreases from
300 to ∼100 K and subsequently increases below 100 K, see Fig. 5.16 b). The αME(T )-
curve of the multilayer depicted in Fig. 5.16 b) is monotonously falling with decreasing
temperature. Unlike with the bias field dependency, the curve shown for the multilayer
is not universal to all BTO-BFO multilayer samples. Jochum et al. showed that the
temperature dependency of a series of multilayers with constant BTO thickness and
varying BFO thickness resembles the curves shown for single-layer and multilayers in
Fig. 5.16 b) overlaid with one another [152]. As dBFO, and hence ddl, decreases, αME(T )
continuously changes from the single-layer behavior to the multilayer behavior [152].
As we will see in Sec. 5.5, this change in temperature dependency with varying dBFO is
not always as straightforward. Nevertheless, we have confirmed a monotonously falling
αME behavior with decreasing temperature in all samples grown in chamber F with ddl
below 20 nm [H4] (see also Sec. 5.2.2 and Sec. 5.3).
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5.1.7 Summary
To briefly summarize the general properties that distinguish multilayers of BTO and
BFO from the respective single-layers:
• BTO grows in c-domains in multilayers, but in a-domains in single-layers
• The first few nm of BTO show signs of relaxation and Bi-contamination
• BTO-BFO multilayers show lower mosaicity and interface roughness than the
respective single-layers
• OOT is confined to the BFO layers
• Droplets are generated during the ablation of BFO
• Multilayers show decreased leakage current density relative to single-layers and
ferroelectric self-poling
• BTO-BFO multilayers and BFO single-layers have distinct dependencies on the
applied magnetic field and the measurement temperature
Overall, the growth of BTO and BFO combined in multilayer structures has several
advantages for the structural, morphological and electrical qualities of the samples. A
particularly interesting distinction is the change in αME -behavior. Where BFO single-
layers experience a minor surge and subsequent decrease of αME in a growing magnetic
bias field, all multilayers show saturating behavior. The dependence of αME on the
measurement temperature will be the subject of further scrutiny in Sec. 5.5. The
presence of droplets is disruptive for both ferrelectric and magnetic measurements, as
they can cause short-contacts and falsely enhance the measured magnetization of the
multilayer samples. Hence, the efforts of sample-optimization by parametric variation,
presented in Sec. 5.2, and by eclipse-PLD, presented in Sec. 5.4, revolve to a large
extent around the elimination of droplet particles.
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5.2 PLD–Growth of BaTiO3–BiFeO3 Multilayers
Exploring the results of systematic variation of the deposition parameters serves two
primary functions. On one hand, it is a necessary step to optimize the deposited layers
for specific purposes. In practice, this commonly concerns e.g. improving resistivity of
the ferroelectric layer, reducing the amount of droplets for the sake of homogeneity and
increased electric breakdown field, or the reduction of surface or interface roughness.
In particular a high interface roughness of multilayers is disadvantageous for the infor-
mative value of chemical depth profiling and increases the interface area between the
constituent materials. On the other hand, changes of a measurement parameter based
on the variations of single deposition parameters can be used to infer explanations on
the origin of a given phenomenon. One such example is the perceived dependence of
αME on the deposition pressure reported in Refs. 148 and 147, which was the prompt
to investigate the importance of oxygen vacancies introduced by lowering the oxygen
supply during growth. In the following section we will explore the influence of the
growth temperature, pressure, laser fluence and lateral offset on the structural and
morphological properties of BTO-BFO-multilayers. Furthermore a quick insight in the
influence of substrate annealing and the evolution of stacking of alternating BTO and
BFO layers will be given. Lastly, the effects of introducing a shadow mask (eclipse
PLD) will be discussed. The influence of multilayer design choices will be the topic of
the subsequent section.
5.2.1 Effect of Substrate Temperature
As Bea et al. point out, phase pure growth of BFO is confined to a narrow parametric
window of process temperature T and oxygen pressure pO2 [90]. Deviations from the
ideal parameter range lead to the formation of secondary phase precipitates, as oxygen
concentration and relative re-desorption rates of different elements, in particular that
of volatile Bi, shift [89,92]. Even low concentrations of precipitates that go undetected
in regular XRD measurements can have a profound influence on the overall layer prop-
erties. For example, Bi2O3 has been found to form low resistance channels in BFO
host material [90] and the Fe2O3 has often been stated as the source of the anoma-
lously large magnetism reported in some BFO films, as its saturation magnetization
lies two orders of magnitude above that of BFO [91, 207]. Apart from these concerns,
the growth temperature also takes part in determining the growth mode of any given
material. As mentioned before, it is desirable to generate particularly flat interfaces
and surfaces for multilayer growth.
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To re-evaluate the process temperature of 680 to 700 ◦C used by Lorenz et al. in
Refs. 11, 121, 148, 149, a series of 15 × [(BaTiO3)8 nm - (BiFeO3)8 nm] multilayers was
deposited in 0.25 mbar at temperatures between 570 to 725 ◦C. Note that, while in the
mentioned publications the temperature given is the estimated substrate temperature,
ca. 50 ◦C lower than the measured process temperature, in the framework of this thesis
the process temperature is reported instead.
Morphology
The surface morphologies of BTO-BFO multilayers grown at different temperatures, as
measured by AFM, are presented in Fig. 5.17, the Rrms roughness and grain sizes are
plotted in Fig. 5.18. With increasing temperature, the grain size continuously increases,
while the surface roughness is minimal for 670 ◦C. Beginning at a growth temperature of
700 ◦C a certain amount of pitting occurs. For the 725 ◦C sample pits in the nanometer
range are clearly visible. It appears that at the lowest and highest process temperatures,
3D growth is favored, while at intermediate temperatures of 670 to 700 ◦C, a more
two-dimensional growth occurs, as the dip in the Rrms -curve in Fig. 5.18 suggests.
A fairly similar temperature dependency was reported by Jiang et al. for the PLD-
growth of BFO [89]. So while high temperatures are certainly advantageous for highly
ordered growth of BTO-BFO multilayers, excessive heat appears to disrupt layer-by-
layer growth. The volatility of Bi is likely to play an integral role in this process [89].
Figure 5.17: Topographic AFM images for multilayers of 15×[(BaTiO3)8 nm - (BiFeO3)8 nm]
multilayers deposited at varying temperatures in deposition chamber G.
Structural Properties
XRD 2θ-ω scans, shown in Fig. 5.19, variate only ever so slightly with the process
temperature. All films show superstructure fringe peaks up to the fourth order close
to the (001) and (002) substrate peaks with similar peak-to-valley ratios, indicating
a comparable interface roughness, despite the variable surface roughness, for all tem-
peratures. The film deposited at 725 ◦C is the only exception with only up to second
order fringe peaks visible. None of the films deposited in the entire 570 to 725 ◦C range
display any signs of secondary phases, in line with the findings of both Bea et al. [90]
and Jiang et al. [89].
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Figure 5.18: Evolution of (a) the roughness parameter Rrms and (b) evolution of
the estimated grain size with the deposition temperature T for multilayers of 15 ×
[(BaTiO3)8 nm - (BiFeO3)8 nm] deposited in deposition chamber G.
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Figure 5.19: XRD 2θ-ω scans for 15× [(BaTiO3)8 nm - (BiFeO3)8 nm] multilayers deposited
at varying temperatures in deposition chamber G.
Magnetic Properties
The magnetic properties of the multilayers deposited at various temperatures were
probed by VSM measurements. M (µ0H)-curves recorded at 300 K are presented in
Fig. 5.20 a), the determined values of Msat measured at 1 T and Mrem are depicted
in Fig. 5.20 b). The ratio of remanent to saturation magnetization is stable within
the margin of error throughout the series. All films show a magnetic hysteresis that
saturates at ∼ 0.4 T, with a small coercive field of 13± 5 mT. The saturation magne-
tization values vary from 1.7 to 3.9 emu cm−3, equal to ∼ 0.01 to 0.03 µB/f.u. Though
half of the layer is composed of non-magnetic BTO, these values genuinely conform
with the commonly stated 0.02 µB/f.u. of pure BFO films [69].
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Figure 5.20: (a) M(µ0H)-curves recorded at 300 K, (b) values of Msat measured at 1 T
and Mrem for multilayers of 15 × [(BaTiO3)8 nm - (BiFeO3)8 nm] deposited at varying tem-
peratures.
Let it be noted that the presented series was deposited in chamber G. For the
sake of reproducibility and comparability, another temperature series was grown when
transitioning to deposition chamber F. The results (not shown here) lead to analo-
gous conclusions, confirming that both deposition chambers provide sufficiently similar
temperature conditions based on the process temperature measurement. Overall, a
deposition temperature of around 700± 30 ◦C appears sensible and was adopted as
standard set value.
5.2.2 Influence of Oxygen Pressure During Deposition
When working with metal oxide materials, the partial oxygen pressure pO2 may play
a crucial role in affecting film properties. The stoichiometric transfer from target to
substrate is dependent on the scattering probabilities of the involved ablation species
and desorption rate from the surface. At a less than adequate oxygen pressure, oxygen
vacancies can form, which typically results in an increased mosaic spread and increase
in the unit cell volume [89, 147-149, 208]. Under certain circumstances, ordered defect
superstructures can form, as observed in BTO-BFO multilayers [147]. In the case
of BFO, the film stoichiometry is profoundly affected by the oxygen pressure during
growth, leading to the formation of iron oxide below 10−2 mbar [207]. Oxygen pressure
can also determine the morphology of a film. Jiang et al. found a narrow temperature
and pressure window for the step-flow growth of BFO between ca. 650 to 700 ◦C and
0.10 to 0.15 mbar pO2 [89]. Outside of this range they observed an increasingly three
dimensional growth mode. In the case of BTO, Chen et al. report high roughness nano-
columnar growth at ∼0.27 mbar (200 mtorr) [208]. At a reduced pO2 of 0.007 mbar
(5 mtorr), the BTO roughness is greatly decreased, but TEM images reveal strong
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bombardment damage, due to the increased mean free path of high energetic particles
at lower pressure [208].
The oxygen pressure dependence of BTO-BFO multilayers was previously investi-
gated by Lorenz et al. in Refs. 11, 148 and 149. They compared multilayers of 15×
BTO-BFO deposited at 0.01 to 0.25 mbar with an identical number of pulses for all
layers. A strong correlation between αME and pO2 was found, which will be discussed
in depth in Sec. 5.5. At a structural level, lower oxygen pressure introduced increased
micro-strain, visible in TEM cross-sections as strain contrast [149] and an increase
of mosaicity [148]. More pronounced half-order peaks indicative of increased OOT
in low-pO2 films were connected with increased oxygen vacancies [148]. Surprisingly,
when comparing two films grown at 0.01 mbar and 0.25 mbar, a larger OOP lattice
parameter was found for the high-pO2 sample [149], contrary to generally reported
trends [89, 208]. In terms of morphology, two observations were made: the surface
roughness of 0.01 mbar samples was lower than that of 0.25 mbar samples [11,148], but
displayed an amorphous interface layer of 2 nm thickness [149].
As will be discussed later in this thesis, the double-layer thickness ddl of a BTO-BFO
multilayer plays an intricate role in determining the film properties. As a result of the
unchanging number of pulses used to generate the samples discussed in Refs. 148 and
149, the thicknesses of the films examined were of strongly varying nature. It is there-
fore important to re-evaluate the above-mentioned findings under a more strict adher-
ence to a steady film thickness. For this purpose, pO2-dependent single-layer thicknesses
determined by XRR (not shown here) were cross-referenced against the film thicknesses
from Ref. 148. The resulting growth rates were used to determine the appropriate
number of pulses per layer to create a series of 16 × [(BaTiO3)10 nm - (BiFeO3)10 nm]
multilayers for pO2 ranging from 0.01 to 0.25 mbar. The films were deposited in cham-
ber F at 700 ◦C. The lens position was set to L = 0 mm, leading to an energy density
of ρL = 3.8 J cm−2. The results obtained for this series have been partially published
in Ref. H4 .
Growth Rate, Structure and Morphology
Table 5.4 lists the growth conditions and main structural parameters of the static
thickness pO2 series. With the minor exception of the 0.05 mbar sample F030, all
samples possess a ddl of 20 nm within the margin of error. The average combined
growth rate of BTO and BFO decreases roughly with the logarithm of the process
pressure in the range of 0.01 to 0.25 mbar, as indicated by the straight lines in the
logarithmic plot in Fig. 5.21 a). This confirms the trend observed in Ref. 148, albeit as
Fig. 5.21 a) further shows, at approximately half the previous growth rate. A change
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Figure 5.21: (a) Average combined growth rate of BTO and BFO and (b) FWHM of
the main (002) superstructure peak for multilayers of 16 × [BaTiO3-BiFeO3] with ddl of
20.0± 0.2 nm deposited at pressures of 0.01 to 0.25 mbar compared to the values published
in Ref. 148.
in the deposition rate between the two series is hardly surprising, as they were grown
in two nominally similar, but slightly different deposition chambers, years apart, with
different targets. As discussed in Sec. 5.2.3 however, non-ideal reproduction of the laser
fluence ρL used to ablate the target material for these films may be the cause. Due to
a conversion error, the early films grown in chamber F, up to sample no. F113, were
grown using ρL = 3.8 J cm−2, instead of the 2.0 J cm−2 used in chamber G. The change
resulted in a reduction of the ablation spot area from 15.3 to 8.5 mm2, reducing the
total ablation rate.
Table 5.4: Deposition parameters and structural characteristics of the samples of the pO2
-variation series. Double-layer thicknesses are calculated from superstructure fringe peaks
in XRD 2θ-ω scans. In-plane (a‖) and out-of-plane (a⊥) lattice parameters are extracted
from asymmetric (103) XRD RSMs using the STO (103) peak as internal standard. The
error margin for lattice parameters due to goniometer error and peak position accuracy is
estimated to be 0.015Å and 0.005Å for a‖- and a⊥, respectively. FWHM002 is the full width
at half maximum of the main superstructure peak near the STO (002) peak in ω-direction.
sample pO2 pulses per layer ddl a‖ave a⊥BTO a⊥BFO FWHM002
ID (mbar) BTO BFO (nm) (Å) (◦)
F029 0.01 400 515 19.6± 0.3 3.970 – 3.938 1.398
F030 0.05 565 725 22.5± 1.0 3.998 4.180 3.936 0.109
F036 0.10 755 970 20.0± 0.7 4.008 4.101 – 0.197
F026 0.25 1066 1337 20.1± 0.2 3.978 4.065 3.958 0.098
In order to explore the crystalline properties, reciprocal space maps around the (001),
(002) and (103) STO peak were recorded. The (001) and (103) RSM measurements
are presented in Fig. 5.22. In Fig. 5.21 b), the FWHM in ω-direction of the main (002)
superstructure peak is plotted, which acts as an indicator for the sample mosaicity. The
FWHM values are listed along with the lattice parameters extracted from (103) RSM
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measurements in Table 5.4. Superstructure fringe peaks are visible in all symmetric
(001) RSM measurements, see Fig. 5.22 a)-d), although very faint and smeared out
for the 0.01 mbar sample, indicating a high degree of disorder within the film. The
asymmetric (103) RSM measurements generally display a bimodal film peak structure,
indicative of the constituent phase components of BTO and BFO, with underlying
superstructure peaks. The only exception is again the sample grown at 0.01 mbar, for
which only a faint BFO peak, but no BTO or superstructure peak is visible. The same
is true for the high and low pressure samples examined in Ref. 149. The FWHM of the
(002) peak is drastically increased for the lowest pressure sample relative to the highest
pressure sample by more than one order of magnitude. This largely conforms with the
findings in Ref. 148, as a comparison of the obtained values in Fig. 5.21 b) shows. The
astonishing exception is made by the 0.05 mbar sample, which has a similarly low tilt
mosaicity as the 0.25 mbar sample. In contrast, this deposition pressure produced the



























Figure 5.22: RSMs around the STO (001) ((a)-(d)) and (103) ((e)-(h)) peaks for mul-
tilayers of 16 × [BaTiO3-BiFeO3] with ddl of 20.0± 0.2 nm deposited at pressures of 0.01
to 0.25 mbar, as indicated. The vertical lines in (e)-(h) mark the in-plane position of the
superstructure and STO (103) peaks, respectively, as labeled in (e). The heat map colors
represent measured intensities on a logarithmic scale, blue representing small values and red
large values. Graph adapted from Ref. H5 (supplementary).
TEM cross-sections were prepared for the samples deposited at 0.25 mbar, 0.10 mbar
and 0.01 mbar. A selection of HAADF TEM images of these cross-sections is presented
in Fig. 5.23. As shown in Fig. 5.23 a) and d), the film deposited at 0.25 mbar has
a very low interface roughness in the order of a few unit cells, indicating a coherent,
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fully relaxed growth in line with the low tilt mosaicity indicated by the low FWHM
of 0.098◦. The growth of the 0.10 mbar film is disturbed by a number of outgrowths,
depicted in detail in Fig. 5.23 b). Fig. 5.23 e) shows a larger section of the same sample,
highlighting the large number of said outgrowths. In between and on top of the out-
growths however, multilayer growth is still fairly smooth. This changes considerably
for the 0.01 mbar sample. As Fig. 5.23 c) shows, the dark BTO layers have a consis-
tent thickness, but are disturbed by highly irregular light BFO layers. Overall, the
low-pO2 sample TEM images were thoroughly obstructed by strain contrast and lattice
parameter and layer thickness determination was solely possible for the 0.25 mbar sam-
ple. XRR measurements confirmed the same ratio for the 0.05 mbar sample, the model
function converging at dBTO = 11.4± 0.4 nm and dBFO = 11.3± 0.6 nm. The poor layer
homogeneity observed for the low-pO2 samples was not previously observed in Ref. 149
and is most likely linked to bombardment damage caused by the aforementioned high
laser fluence used during deposition.
100 nm
c)  HAADF F029  0.01mbar
100 nm
a)  HAADF F026  0.25mbar
100 nm
b)  HAADF F036  0.1mbar
500 nm





Figure 5.23: HAADF TEM cross-section images of multilayers of 16 × [BaTiO3-BiFeO3]
with ddl of 20.0± 0.2 nm deposited at pressures of 0.01 to 0.25 mbar. (a) overview 0.25 mbar
sample, (b) overview 0.10 mbar sample, (c) overview 0.01 mbar sample, (d) detail 0.25 mbar
sample, (e) larger overview 0.10 mbar sample.
The double-layer thickness of the 0.25 mbar sample as measured by TEM is 19.6 nm
±0.2 nm, a precise match with the value obtained from superstructure fringe peaks.
The BTO and BFO thicknesses were measured to be 9.5± 0.5 nm and 10.3± 0.5 nm,
respectively, close to the expected 1:1 ratio. The lattice parameters determined for
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the 0.25 mbar sample are as follows: IP a‖ave = 3.98± 0.02Å for both materials, OOP
a⊥BTO = 4.11± 0.04Å and a⊥BFO = 3.94± 0.03Å for BTO and BFO, respectively. No
change in the lattice parameters with distance from the substrate was found except for
the thin relaxation layer discussed in Sec. 5.1.1. These values are, within the margin
of error, in agreement with the values obtained from RSM measurements, as tabulated
in Table 5.4. Over the range of deposition pressures, the IP lattice parameter a‖ave
decreases slightly for intermediate pressures, but changes very little overall, considering
the measurement uncertainty. The BFO OOP lattice parameter a⊥BFO is consistent
with a cubic unit cell for all samples. In contrast, the BTO OOP lattice parameter
a⊥BTO increases with decreasing deposition pressure, though for the 0.01 mbar sample,
no BTO peak was observed, leading to a gap in the data. In Ref. 149 an opposite
trend was found via TEM measurements comparing a 0.01 mbar and 0.25 mbar sample.
However, the increase in a⊥BTO with decreasing pressure is in line with both the findings
of Lorenz et al. on BTO-BFO solid solutions [147] and general expectations [89,208].
Magnetic Properties
Magnetic hysteresis measurements on the films of the pO2 -series were carried out at
300 K. The resultingM (µ0H)-curves and key measurement parameters are presented
in Fig. 5.24 a) and b), respectively. All sample show well defined magnetic hysteresis
curves with small coercive fields µ0Hcoer of only 7 to 15 mT. The saturation mag-
netization Msat ranges from 0.9 to 5.8 emu cm−3, equal to 0.006 to 0.04µB/f.u., with
remanent magnetization Mrem -values of on average 12 % of Msat . Overall, the Msat
-values are lower for intermediate growth pressures, while the µ0Hcoer-values exhibit
the opposite trend. The sharp rise of Msat displayed in Fig. 5.24 b) for the 0.01 mbar
sample may be a sign of initial formation of a small amount of iron oxide due to oxygen
deficient growth conditions, or a sign of defect magnetization.
Ferroelectric Properties
Observing ferroelectricity in samples with high leakage current or breakdown fields
lower than the coercive fields poses one of the profound challenges in working with
materials such as BFO [98]. The destructive breakdown of NSTO-multilayer-Pt capac-
itor structures occurred at 1.0 MV cm−1, 0.6 MV cm−1, 0.8 MV cm−1 and 0.9 MV cm−1
for the 0.01 mbar, 0.05 mbar, 0.10 mbar and 0.25 mbar samples, respectively. Fig. 5.25
shows the unsaturated P (E)- and I(E)-loops measured on the samples deposited at
the highest and lowest pO2 -values.
Both I(E)-loops exhibit small negative switching peaks at positive fields, indicating
an imprint field larger than the coercive field, leading to self-polarization. A similarly
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Figure 5.24: (a) M(µ0H)-curves measured at 300 K and (b) values of saturation magne-
tization Msat and coercive field µ0Hcoer for multilayers of 16× [BaTiO3-BiFeO3] with ddl of
20.0± 0.2 nm deposited at pressures of 0.01 to 0.25 mbar.
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Figure 5.25: P (E)- (blue) and I(E)- (green) loops measured at 1 kHz on NSTO-multilayer-
Pt capacitors of a BTO-BFO multilayer deposited at (a) 0.01 mbar and (b) 0.25 mbar. The
contributions of capacitive charging current and polarization switching induced screening
current peaks are indicated.
small and spread out positive switching peak at around 0.5 MV cm−1 can also be seen
in both curves. In Fig. 5.25 b), the initial rise of a second, larger positive switching
peak is discernible. As discussed in Sec. 5.1.5 and shown in Fig. 5.12 a), the two
small, spread out switching peaks observed in Fig. 5.25 are likely signs of only partially
switched polarization due to insufficient applied electric field. Generally speaking, the
ratio Iswitch/Icap of switching peak current to capacitive charging current is larger than
1 for all saturated hysteresis loops recorded for similar multilayer samples in this work.
Values of Iswitch/Icap ≈ 3 are not uncommon. Both the 0.01 mbar and 0.25 mbar sample
show similar capacitive charging and switching currents of ca. 0.15 mA and 0.05 mA,
with an Iswitch/Icap-ratio of only ∼0.3, underlining the assessment as unsaturated hys-
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teresis loops. Hence the majority of measured polarization is due to the leakage current
component, which is visible as the ∼0.05 mA cm MV−1 slant in the I(E)-curves.
In summary, most film properties do not change significantly and in any clear re-
lationship with the deposition pressure. The exceptions are the film morphology and
mosaicity, which are negatively affected by the oxygen deficiency during growth, as well
as the drastically increased growth rate. In contrast, the films compared in Refs. 148
and 149 did not show a similar increase of interface roughness with decreasing pO2 . In
Sec. 5.5, we will return to the topic of the influence of pO2 on BTO-BFO multilayers
when discussing magnetoelectric properties.
5.2.3 Variation of Lens Position and Lateral Offset
Both the energy density ρL of the incident laser beam at the target surface and ge-
ometric constraints, such as target-substrate distance and lateral offset olat between
the two, can profoundly alter the properties of PLD derived thin films. For example,
deviations from ideal stoichiometric transfer between target and film depend both on
incongruous ablation and varying scattering rates of ablated species in the background
gas. Wicklein et al. found that the ideal fluence ρL for stoichiometric growth of STO
shifts from 1 to 2 J cm−2 as the target-to-substrate distance was increased from 40 to
48 mm [158]. The increased distance results in a larger amount of scattering events,
enhancing the inhomogeneous angular distribution of ablated species, as lighter par-
ticles have a larger scattering probability. Likewise, a change in lateral offset olat will
likely affect both growth rate and stoichiometry of a film, which will result in changes
to the surface morphology. Kan et al. reported that BTO grows Ti-deficient at flu-
ences smaller than 1.3 J cm−2, which leads to the loss of ferroelectricity for ρL smaller
than 0.9 J cm−2 [209]. Jaber et al. investigated the growth of BFO from a 10 % Bi
over-stoichiometric target at 700 ◦C and 0.2 mbar - close to the standard values used
in the framework of this thesis - in a ρL range of 1 to 1.72 J cm−2 [210]. They found
an increase of both the OOP lattice parameter and the growth rate with increased
laser fluence. The Bi-Fe ratio was close to unity for films deposited at ρ larger than
1.62 J cm−2 [210].
Here, we will primarily focus on the effect that the fluence ρL and lateral offset olat
have on the morphology, droplet density and deposition rate of BTO and BFO films.
Droplets, large particles ejected from the target surface, are not affected by background
gas scattering. The processes leading to droplet generation usually result in preferen-
tial trajectory normal to the target surface, or in the direction of the incident laser
beam [211]. As Cultrera et al. report, one can take advantage of the angular inhomoge-
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neous spread of droplets to reduce the droplet density [211]. Likewise, it has been found
that an increased laser fluence resulted in the decrease of the amount of droplets gen-
erated during the pulsed laser ablation of YBa2Cu3O7–x films [212]. The investigation
of the influence of the lens position was carried out in chamber F in part to recreate
the conditions used in chamber G more accurately for the sake of comparability.
Laser Fluence Variation via Lens Position
The energy density of laser light at the target surface, called fluence ρL, can be altered
in the PLD process either by changing the total output energy Eout or the distance
xt−l between target and lens. By changing Eout, the ablation area is kept constant,
whereas changing xt−l of the single-lens focusing setup changes the ablation area with
the square of the distance. See Sec. 4.1.1 and in particular Fig. 4.4 for details on the
spot size and fluence calculation for PLD chamber F. Variation of ρL via Eout has the
disadvantage that the excimer laser devices have a limited range of energies for stable
operation with optimized resource consumption. The variation of xt−l is limited by the
confines of the chamber setup used, i.e. by the chamber-lens distance L. At L = 0 mm,
the upper limit of ρL at Eout = 650 mJ is 3.8 J cm−2. Larger energy densities are rarely
used in PLD of oxide materials [154,157,213].
A number of single-layer films of BTO, as well as BFO was deposited on STO in the
range of ρL = 3.8 J cm−2 to 1.5 J cm−2, using standard conditions otherwise. A list
of these samples along with the pulse numbers, process temperatures and measured
thicknesses is presented in Table 5.5. The individual and averaged deposition rates
of BTO and BFO are depicted in Fig. 5.26 a). The rate of BTO deposition changes
roughly with the area of the laser spot on the target surface, which is plotted as the
dotted line associated with the right ordinate in Fig. 5.26 a). The deposition rate of
BFO does not follow this trend, but has the lowest deposition rate at 1.5 J cm−2 with
4.4 nm per 1000 pulses and the maximal deposition rate of 9.8 nm per 1000 pulses at
2.0 J cm−2. If the deposition rates are normalized to the ablation area, the BTO rate
exhibits a maximum at 2.0 J cm−2 and the BFO rate is stable from 2.0 to 3.8 J cm−2,
with a sharp reduction of the BFO rate at 1.5 J cm−2. In chamber G, the ratio of the
BTO rate to the BFO rate was ∼ 2.4. This is most accurately reproduced at 2.0 J cm−2
with a value of 2.5.
Fig. 5.26 b) additionally shows the dependence of the droplet density on the fluence
ρL , as determined by optical microscopy (see Sec. 4.3.2). The droplet densities are
normalized to a layer thickness of 100 nm for comparability. For all BTO films, negli-
gible amounts of particles were detected on the sample surface. All BFO films showed
significant amounts of surface particles, the density of which clearly correlates strongly
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Table 5.5: List of samples used for the study of the effect of laser fluence ρL variation through
change of the lens position L . All samples were grown in 0.25 mbar O2 with a lateral offset
olat of 10 mm (QM = 3). The layer thicknesses were measured by X-ray reflectometry (XRR).
†: thickness measured with a profilometer.
sample material npulses T (◦C) L (mm) ρL (J cm−2) dXRR (nm)
F110 BTO 10000 661 0 3.8 67
F109 BFO 10000 676 0 3.8 77
F111 BFO 10000 664 0 3.8 80
F116 BTO 1000 674 10 2.9 12.5
F118 BFO 10000 668 10 2.9 65
F117 BTO 1000 664 20 2 24
F122 BFO 10000 664 20 2 97
F126 BFO 10000 697 20 2 92
F130 BTO 10000 701 30 1.5 315†
F128 BFO 10000 698 30 1.5 44
F129 BFO 22700 691 30 1.5 90
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Figure 5.26: (a) Deposition rates and (b) normalized droplet densities of BTO (blue) and
BFO (red) single-layer films deposited at laser fluences ρL of 1.5 to 3.8 J cm−2.
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with ρL . The smallest droplet densities are measured for the smallest ρL -values. Sub-
surface heating of the target material is generally assumed to be one of the leading
causes of droplet generation [159]. With increasing ρL, this phenomenon is enhanced,
additionally so if inhomogeneities in the beam profile exist.
Combining the requirements of minimal droplet density and maximized deposition
rate for both BTO and BFO, the optimal laser fluence in chamber F was determined
to be 2.0 J cm−2. The same value was nominally used in chamber G. The comparability
is backed by the analogous ratio of the respective deposition rates of BTO and BFO.
Lateral Offset of the Substrate Relative to the Ablation Target
As mentioned above, the lateral offset olat between target and substrate holder, or
more accurately between their respective rotation axes, is likely to have a substantial
influence over the particle density and morphology of a PLD film. Four 5× BTO-BFO
multilayers were deposited on STO using standard conditions and lateral offsets in
the range from 0 to 23.3 mm. The sample details and key measurement results are
summarized in Table 5.6.
The deposition rate drops as expected with increasing olat, as shown in Fig. 5.28 a) (see
Table 5.6: List of samples used for the study of the effect of lateral offset olat variation
through change of the offset setting QM . All samples were grown in 0.25 mbar O2 with
a laser fluence ρL of 2 J cm−2 (L = 20 mm) and at 700 ◦C process temperature. For each
film, 5 double-layers were deposited with 320 pulses BTO and 1200 pulses BFO. The layer
thicknesses were estimated from superstructure fringe peaks observed in 2θ-ω scans.
sample QM olat ddl Rrms droplet density deposition rate
per 100 nm
(mm) (nm) (nm) (1/100µm2) (nm/1000 pulses)
F165 0 0.0 25.0 0.26 12.4 16.4
F164 3 10.0 18.6 0.35 10.7 12.2
F166 5 16.7 19.2 0.47 3.2 12.6
F174 7 23.3 10.6 1.13 1.6 7.0
also values in Table 5.6). As a first measure of the multilayer quality, XRD 2θ-ω scans
(depicted in Fig. 5.27) were recorded for all four samples. The sharpest peak structures
are observed for olat = 0 mm. With increasing olat, the XRD peaks become gradually
smudged out until, at olat = 23.3 mm, no superstructure peaks beyond the first order
are visible. This trend is mirrored by the surface-roughness parameter Rrms, depicted in
Fig. 5.28 b) and tabulated in Table 5.6. The corresponding topographical AFM images
are presented in Fig. 5.29. With increasing olat, the surface BFO layer transitions from
an irregularly stepped appearance to a 3D insular appearance. It is reasonable to
assume that, as the influx of ablated particles is reduced, the growth rate drops below
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Figure 5.27: XRD 2θ-ω scans of 5× BTO-BFO multilayers deposited with varying lateral
offset olat .
the deposition rate needed for step-flow growth [160]. The normalized droplet density
is depicted in Fig. 5.28 c). As olat is increased beyond the radius of the substrate
holder (12.5 mm) the droplet density drastically decreases. As discussed earlier, this is
likely due to a preferential directionality of the droplets owing to the droplet generation
process. In summary, adjusting the lateral offset olat between target and substrate can
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Figure 5.28: (a) Average deposition rate, (b) surface-roughness parameter Rrms and (c)
normalized droplet density of 5× BTO-BFO multilayers deposited with varying lateral offset
olat .
in principle be used to reduce the droplet rate on the surface of BTO-BFO multilayers.
However, this comes at the cost of drastically increased surface-roughness and is hence
ill-advised. Likewise, a reduction of ρL led to a reduction in droplet density, but the
deposition rate of BFO dropped below practical values for ρL ≤ 2 J cm−2.
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a) F165 - QM=0 d) F174 - QM=7c) F166 - QM=5b) F164 - QM=3
Figure 5.29: Topographical AFM images of 5×BTO-BFO multilayers deposited with lateral
offset olat of (a) 0 mm (QM = 0), (b) 10 mm (QM = 3), (c) 16.7 mm (QM = 5), and (d)
23.3 mm (QM = 7).
5.2.4 Summary
The overall most beneficial growth conditions for high-quality BTO-BFO multilayers
were found to be 670 to 700 ◦C in 0.25 mbar pO2 using a laser fluence of 2.0 J cm−2
at a lateral offset of 10 mm between substrate and target. The resulting film samples
are phase-pure, with minimized roughness and mosaicity. Temperatures below 600 ◦C
lead to the formation of parasitic phases and above 700 K, pitting occurs. In the range
of 0.01 to 0.25 mbar, the deposition rate changes approximately inverse to pO2 . At
low oxygen pressures, rough interfaces and increased micro-strain are formed in the
multilayers. At elevated laser fluences, the droplet rate increases. Increased lateral
offset reduces the droplet rate, but at the cost of increased surface roughness. Despite
the demonstrated control that can be exerted over the sample properties by means
of parametric optimization, not all desired improvements of the sample quality could
be attained. For example, continuing presence of droplet particles and related electric
breakdown still impedes quantitative FE measurements. Consequently, we adapted our
strategy by modifying the deposition setup with the introduction of a shadow mask,
as detailed in Sec. 5.4.
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5.3 Manipulation of Multilayer Properties through
Design
Having contemplated the generalized properties of BTO-BFO multilayers, explored the
influence of various growth parameters and the implementation of eclipse-PLD, we will
now turn to the topic of multilayer design choices. Using standard conditions in cham-
bers G and F, three multilayer layout changes were implemented. The first alteration
retained a constant BTO-thickness, while varying the nominal BFO-thickness from 5
to 50 nm. The resulting shift in BTO-BFO ratio was replicated in a second series un-
der the constraint of retaining a constant double-layer thickness. The third and final
series was constructed with a constant 1 : 1 BTO-BFO ratio with varying double-layer
thicknesses from 4.6 to 20 nm.In the following section, we will explore the influence of
these design choices on the structural and ferroic properties of BTO-BFO multilayers.
The subsequent section will ultimately treat the magnetoelectric properties of BTO-
BFO multilayers with respect to variations of oxygen pressure during growth and the
aforementioned design choices.
5.3.1 Samples
In case of the dBFO-variation, two 15×BTO-BFO multilayer series were deposited using
a 5 at% Gd-doped BGFO target and another using a regular 10 % Bi-over-stoichiometric
BFO target. The results of the dBGFO sample series were previously published in
Ref. H3 . Table 5.7 lists samples of both series, along with the key structural values.
The data on the samples of the ratio-series and the ddl-series were published in Ref. H4.
The sample names and key structural data can be found in Tables 5.8 and 5.9 for the
ratio- and ddl -series, respectively.
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Table 5.7: Structural characteristics of the BTO-BGFO dBGFO-variation and BTO-BFO
dBFO-variation series. Double-layer thicknesses are calculated from superstructure fringe
peaks in XRD 2θ-ω scans. In-plane (a‖) and out-of-plane (a⊥) lattice parameters are extracted
from asymmetric (103) XRD RSMs using the STO peak as internal standard. Similarly, the
STO lattice parameters were also used as internal standard for TEM lattice parameter mea-
surements. The error for of all layer thicknesses is estimated around ∼5 %, to 0.015Å and
0.005Å for a‖- and a⊥-parameters derived by XRD, and to 0.015Å and 0.05Å for a‖- and
a⊥-parameters derived by TEM.
†: single-layer thickness estimated from XRR measurements of thinner single-layer films; ‡:
measured by TEM; ∗: estimated by interpolation; ?: estimated by XRR fit;
RSM TEM
sample d2θ−ωdl dBTO dBFO a‖ave a⊥BTO a⊥BFO a‖ave a⊥BTO a⊥BFO
(nm) (Å) (Å)
G5989 63.0 19‡ 44‡ 3.958 4.059 3.928 3.94 4.03 3.91
G5990 35 17∗ 19∗ 3.974 4.046 3.915 – – –
G5991 26 17∗ 9∗ 3.987 4.037 3.913 – – –
G5992 23 16.5‡ 6.3‡ 3.989 4.029 – 3.98 4.07 3.98
G5993 – 240† 4.021 3.997 – – – –
G6051 – – 363† 3.943 – 4.012 – – –
G6041 69 25.6‡ 43.6‡ 3.976 4.046 3.936 3.98 4.05 3.95
G6043 44 27? 16? 3.986 4.033 3.922 – – –
G6044 36 28? 8? 3.991 4.019 3.921 – – –
G6045 30 26‡ 4.4‡ 4.004 4.012 – 3.98 4.00 3.96
G6049 – 320† – 4.013 3.996 – – – –
G6050 – – 389† 3.942 – 4.012 – – –
Table 5.8: Structural characteristics of the samples of the BTO-BFO ratio-variation se-
ries. The sample nomenclature used in Ref. H4 is also used here to denote the nominal
BTO-content: R0X - nominal thickness ratio 0.X = dBTO/ddl. Double-layer thicknesses are
calculated from superstructure fringe peaks in XRD 2θ-ω scans. In-plane (a) and out-of-plane
(c) lattice parameters are extracted from asymmetric (103) XRD RSMs using the STO peak as
internal standard. Similarly, the STO lattice parameters were also used as internal standard
for TEM lattice parameter measurements. The error for of all layer thicknesses is estimated
around ∼5 %, to 0.015Å and 0.005Å for a- and c-parameters derived by XRD, and to 0.015Å
and 0.05Å for a- and c-parameters derived by TEM.
‡: measured by TEM; ?: estimated by XRR fit.













F022 (R09) 19.4 15.7? 3.8 ? 4.004 4.009 – 4.03 4.00 4.05
F023 (R01) 20.0 2.1 ? 17.5? 3.962 – 3.962 3.94 4.09 3.94
F024 (R07) 19.6 13.4? 6.0 ? 3.981 4.051 – – – –
F025 (R03) 19.4 6.0 ? 13.3? 3.971 4.063 3.967 – – –
F026 (R05) 20.1 8.5† 11.0† 3.978 4.065 3.958 3.98 4.11 3.94
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Table 5.9: Structural characteristics of the samples of the ddl -variation series. The sample
nomenclature used in Ref. H4 is also used here to denote the nominal double-layer thickness:
DZZZ - dnomdl = ZZZ Å. Double-layer thicknesses are calculated from superstructure fringe
peaks in XRD 2θ-ω scans. In-plane (a‖) and out-of-plane (a⊥) lattice parameters are extracted
from asymmetric (103) XRD RSMs using the STO peak as internal standard. Similarly,
the STO lattice parameters were also used as internal standard for TEM lattice parameter
measurements. The error for of all layer thicknesses is estimated around ∼5 %, to 0.015Å and
0.005Å for a‖- and a⊥-parameters derived by XRD, and to 0.015Å and 0.05Å for a‖- and
a⊥-parameters derived by TEM.
‡: measured by TEM ?: estimated by XRR fit
RSM TEM
sample d2θ−ωdl dBTO dBFO a‖ave a⊥BTO a⊥BFO a‖ave a⊥BTO a⊥BFO
(nm) (Å) (Å)
F032 (D48) 4.6 2.5 2.1 3.971 – – 3.99 4.12 4.03
F033 (D96) 9.6 4.7 4.6 3.979 – – – – –
F034 (D144) 14.3 7.2 7.1 3.971 – – – – –
F035 (D192) 17.7 9.2 9.2 3.973 – – – – –
F026 (D200) 20.1 8.5† 11.0† 3.978 4.065 3.958 3.98 4.11 3.94
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Figure 5.30: XRD 2θ-ω scans for multilayers of 15× [BaTiO3-BiFeO3] on STO with varying
dBFO and constant dBTO denoted by their respective ddl in nm as MLXX and reference
BTO and BFOsingle-layer. Samples in (a) are grown using a stoichiometric BFO target with
nominally 5 at% Bi substituted by Gd, whereas samples in (b) were grown from an over-
stoichiometric target with 10 at% excess Bi relative to the Fe content. Graph (a) adapted
from Ref. H3.
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5.3.2 Effect of Multilayer Design on Structure and Morphology
The influence of design choices on the structural properties on 15×BTO-BGFO and
15×BTO-BFO multilayers was probed by performing a combination of XRD 2θ-ω
scans, reciprocal space mapping, XRR measurements and TEM imaging. The numer-
ical values obtained from these measurements for the parameters ddl, dBTO, dBFO, and
the lattice parameters are listed in Tables 5.7, 5.8 and 5.9. To begin with, let us exam-
ine the samples of the two sample series of dBGFO- and dBFO-variation with constant
dBTO-thickness. The dBGFO-series has a BTO-thickness of 17.1± 1.0 nm and BGFO-
thicknesses varying from 6.3 to 44 nm, the dBFO-series has an average BTO-thickness
of 26.5± 1.1 nm and BFO-thicknesses varying from 3.5 to 44 nm, as estimated from
XRR and TEM measurements. Fig. 5.30 shows the 2θ-ω scans of the two sets of four
multilayer samples along with two respective single-layer of the constituent materials
BGFO, BFO and BTO. clearly visible at low angles are the superstructure fringe peaks
due to multilayer stacking. As the BGFO- and BFO-thicknesses progressively increase,
these fringe peaks are being masked by the broader constituent material peaks. At
high angles, around the (004) STO substrate peaks, the BTO peak and, for the two
thickest samples of both series, the BGFO or BFO peak are distinguishable.
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Figure 5.31: Evolution of the lattice parameters of (a) BTO-BGFO and (b) BTO-BFO
multilayers in relation to the relative BTO thickness fraction, as determined from asymmetric
(103) RSMs. Graph (a) adapted from Ref. H3.
As the BGFO and BFO layer thicknesses, respectively, increase, the BTO peak is
shifted from the position of the relaxed BTO single-layer toward lower angles, indicat-
ing an elongation of the OOP lattice constant. In RSM measurements (see Ref. H3 ),
this shift is accompanied by a change of the common IP lattice parameter, as the
representation of the lattice parameters with respect to the relative BTO-content in
Fig. 5.31 shows. Within both thickness series, the OOP and IP lattice parameters a
being continuously strain tuned with an approximately linear dependency on the rela-
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tive BTO-content. The BGFO single-layer grows strained to the substrate, while the
BFO single-layer appears to be partially relaxed. In all cases except for the multilayers
with the highest BGFO and BFO contents, the unit cell of BGFO and BFO appear
tetragonally distorted from their cubic bulk form. A closer look using HR-TEM re-
veals that this is not necessarily the case, the values noted in Table 5.7, suggest cubic
symmetry for both high and low BFO-thicknesses.
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nominal dBTO/ddl ratios of 0.1 to 0.9 and constant ddl of 19.7± 0.3 nm. Graph adapted from
Ref. H4 (supplementary).
Fig. 5.32 shows the 2θ-ω scans of the samples of the BTO-BFO ratio series grown
with nearly constant ddl (19.7± 0.3 nm). Unlike the dBGFO- and dBFO-series, all mul-
tilayers from this series show a large number of fringe peaks, albeit slightly dampened
for the two samples with the highest and lowest dBTO/ddl-ratio. The same trend of
dependency of the common IP lattice-parameter a‖ave as observed for the dBGFO- and
dBFO-series also persists for the constant ddl -ratio series, see Table 5.8. As a matter
of fact, said trend can be extended to the entirety of BTO-BFO multilayer samples
created at standard conditions throughout the framework of this thesis, as Fig. 5.33 a)
shows. This strict adherence to the strain tuning through relative constituent layer
thicknesses is made possible by the high temperature epitaxy performed to create the
multilayer samples. However, in order to accommodate this wide range of lattice pa-
rameter tuning, growth defects such as mosaic tilt and dislocations are induced in the
multilayers. Fig. 5.33 b) shows the FWHM in ω-direction of the main (002)-peak of the
multilayer samples of the three BTO-BFO ratio series. With a minimum around 0.6
to 0.8 dBTO/ddl-ratio, the multilayers show an increase of the FWHM value, indicative
of larger mosaic tilt, towards higher and lower dBTO/ddl-ratios.
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Figure 5.33: (a) Average IP lattice parameter of allsingle-layer and multilayers deposited at
standard conditions within the framework of this thesis; (b) FWHM of the main (002)-peak
in ω-direction for BTO-BFO multilayer samples of varying dBTO/ddl ratios.
Evidence of the growth defects associated with the increased FWHM were also
identified in TEM measurements. Fig. 5.34 shows exemplary TEM cross-sectional
images of three samples of the constant ddl ratio series with high, low and intermediate
dBTO/ddl-ratios. In case of the high dBTO/ddl-ratio sample (Fig. 5.34 a)), intense strain-
contrast is present, indicative of a high number of dislocations, as well as a significant
interface roughness originating in the BTO layer. A similar trend has been shown
in TEM imagery for the dBGFO-series in Ref. H3 and the dBFO-series (not shown
here) for low-dBFO samples. It appears that BFO, given a sufficient individual layer
thickness, is capable of acting as a buffer to the rough surface structure of the BTO-sub-
layers, as the medium- and high-dBTO/ddl-ratio samples do not show a similar interface
roughness. However, the low-dBTO/ddl-ratio sample (Fig. 5.34 b)) also shows intense
strain-contrast and several areas with Moiré patterns caused by low-angle misaligned
grains. The sample with the lowest strain contrast and overall highest degree of order is
the medium-dBTO/ddl-ratio sample (Fig. 5.34 c)). For this reason, the 1 : 1 BTO-BFO
ratio was subsequently set as the ideal reference design.
Confirmation that the dBTO/ddl-ratio and not the individual layer thickness is re-
sponsible for the structural property changes of BTO-BFO multilayers can be found in
the ddl-variation series with constant dBTO/ddl-ratio. Fig. 5.35 shows the 2θ-ω scans for
four BTO-BFO multilayers with dBTO/ddl ratio of 0.52± 0.03 and varying ddl of 4.6 to
17.7 nm. All samples show superstructure fringe peaks at low angles with a very stable
central peak position, which indicates the very stable dBTO/ddl-ratio. For the thinnest
sample F032, only the superstructure film peak can be observed at high angles. All
other samples show the BTO (004) peak at an unchanging position.
Furthermore, the excellent multilayer quality is evidenced by the high number of
fringe peaks visible in RSM scans in Fig. 5.36. The asymmetric RSM measurements in
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Figure 5.34: TEM cross-sectional images of (a) sample F022 with a nominal dBTO/ddl ratio
of 0.9, (b) sample F023 with a nominal dBTO/ddl ratio of 0.1, and (c) sample F026 with a
nominal dBTO/ddl ratio of 0.5. Note the high strain contrast and interface roughness in a),
as well as the Moiré patterns in b), some of which are marked by dashed circles. Graph a)
adapted from Ref. H4.
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Figure 5.35: XRD 2θ-ω scans for multilayers of 15 × [BaTiO3-BiFeO3] with constant
dBTO/ddl ratio of 0.52± 0.03 and varying ddl of 4.6 to 17.7 nm. Graph adapted from Ref. H4.
Fig. 5.36 e)-h) also show the conservation of the same IP lattice constant throughout
this sample series, as the horizontal position of the multilayer peaks is unchanged. Fur-
thermore, TEM measurements (see Ref. H4) confirm that, for the thickest and thinnest
multilayers of the ddl -series, the OOP and IP lattice parameters are identical within
the margin of error (see also Table 5.9). Thus it is advantageous for the exploration of
the impact of strain-tuned lattice parameters or the double-layer thickness to explicitly
separate the variation of individual and overall layer thickness, with the condition that
the respective second parameter is kept constant.
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Figure 5.36: RSMs around the STO (001) ((a)-(d)) and (103) ((e)-(h)) peaks for multi-
layers of 16× [BaTiO3-BiFeO3] with constant dBTO/ddl ratio of 0.52± 0.03 and varying ddl of
4.6 to 17.7 nm. The vertical lines in (e)-(h) mark the in-plane position of the superstructure
and STO (103) peaks, respectively, as labeled in (e). The heat map colors represent measured
intensities on a logarithmic scale, blue representing small values and red large values. Graph
adapted from of Ref. H5.
5.3.3 Manipulation of Ferroic Properties Through Design
Both ferroelectric and magnetic properties were probed with respect to the multilayer
design parameters of relative and absolute layer thickness. All samples proved to be
ferroelectric, showing at the least partial switching peaks in ferroelectric hysteresis
measurements. Exemplary P (E)- and I(E)-curves of the dBFO-series are presented
in Fig. 5.37 along with measurements performed on both BTO and BFO single-layer
samples. Additionally, corresponding representative measurements were published for
the dBGFO-series in Ref. H3 and for the ddl - and BTO-BFO ratio series in Ref. H4 .
As Figs. 5.37 e) and f) show, the BTO single-layer sample suffered from electric field
induced breakdown before the initial switching peak was completed leading to an un-
saturated polarization loop. The BFO single-layer experienced severe leakage current
in positive fields, thus obscuring any ferroelectric properties in the measurement. As
shown in Figs. 5.37 a) through d), the BTO-BFO multilayer samples typically showed
double switching peaks, but also suffered from premature breakdown before fully sat-
urated hysteresis loops could be recorded. The same misgivings are shared by the
samples of the dBGFO-, the ddl - and BTO-BFO ratio series. So while ferroelectricity
persists irrespective of BTO-BFO ratio or double-layer thickness, systematic observa-
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tion of the influence of these design parameters on the saturation polarization and
coercive fields was not possible.











































E  ( k V / c m )
G 6 0 4 1  -  d d l  =  6 9  n m G 6 0 4 3  -  d d l  =  4 4  n m G 6 0 4 4  -  d d l  =  3 6  n m
G 6 0 4 5  -  d d l  =  3 0  n m G 6 0 4 9  -  B T O  s i n g l e  l a y e r G 6 0 4 9  -  B F O  s i n g l e  l a y e r
- 4 0 0










E  ( k V / c m )
a )
- 6 0 0
- 4 0 0











E  ( k V / c m )
c )b )
- 2 0 0











E  ( k V / c m )
d )
- 4 0 0










E  ( k V / c m )
e )
























Figure 5.37: Blue: P (E)- and green: I(E)-loops measured at 1 kHz on NSTO-film-Pt
capacitors of (a)-(d) BTO-BFO multilayers with constant BTO and varying BFO thickness,
as well as (e) a BTO and (f) a BFO single-layer.
Contrary, the magnetic property measurement by VSM does not suffer the same
disadvantages. For the BTO-BFO ratio series,M (µ0H)-curves measured at 300 K are
presented in Fig. 5.38 a) along with depictions of the characteristic magnetic hysteresis
parameters of Msat and Mrem with respect to the BTO-BFO ratio in Figs. 5.38 b)
and c). Like the samples of the dBGFO- and dBFO-series (cf. magnetic measurements
of the dBGFO-series published in Ref. H3), all BTO-BFO multilayer samples discussed
in this section were found to possess a ferromagnetic-like magnetic hysteresis. As the
slim opening of the M (µ0H)-curves in Fig. 5.38 a) show, the coercive fields are fairly
minute, in the range of 18± 5 mT for the samples of the BTO-BFO ratio series, with
no explicit verifiable dependence on the BTO-content. Likewise, the saturation field
strength of ∼250 mT appears unaffected by the BTO-BFO ratio. However, the satu-
ration and remanent magnetization values indicate a show a clear dependence on the
BTO-content in the multilayer structures. The range of the saturation magnetization
from 1.0 to 3.2 emu cm−3 equates to 0.007 to 0.022µB/f.u., or 0.01 to 0.08µB/Fe (nor-
malized to the BFO-content). For comparison, the 360 nm BFO single-layer sample
G6050 has a saturation magnetization equal to 0.02µB/f.u., in line with the major-
ity of publications on stoichiometric BFO thin films films grown by PLD from over-
stoichiometric targets [69, 90, 91]. As the red data points in Fig. 5.38 b) show, the
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Figure 5.38: (a)M(µ0H)-curves measured at 300 K, (b) values of saturation magnetization
Msat and saturation magnetic moment in µB per Fe atom and (c) Mrem for multilayers of
16× [BaTiO3-BiFeO3] with varying nominal dBTO/ddl ratios of 0.1 to 0.9 and constant ddl of
19.7± 0.3 nm.
saturation magnetization in BTO-BFO multilayers, when normalized to the magnetic
Fe atoms, is enhanced by a factor of 2 to 3 relative to BFOsingle-layer, but suppressed to
∼0.01µB/Fe when the relative BTO-content surpasses 60 % at a double-layer thickness
of 19.7± 0.3 nm. Unlike the sharp drop inMsat, the remanent magnetization decreases
approximately linearly with the BTO-BFO ratio from 450 to 180 memu cm−3.
Depicted in Fig. 5.39 are the corresponding M (µ0H) measurements and values for
Msat and Mrem for the samples of the ddl -series. The relative BTO-content for these
samples is 0.51± 0.02. As Figs. 5.39 a) and b) show, the saturation magnetization
is approximately constant across the ddl -range of 4.6 to 17.7 nm. The average value
of Msat is 0.016± 0.002µB/f.u. for the multilayer structures, or 0.032± 0.005µB/Fe.
The value of Mrem increases from 310 to 610 memu cm−3 as ddl is lowered from 17.7
to 4.6 nm. For the dBFO- and dBGFO-series with constant BTO-thicknesses of 27 nm
and 17 nm, respectively, the trend for Mrem with overall ddl is reversed, decreasing
from 300 to 120 memu cm−3 and 380 to 80 memu cm−3, respectively, in line with the
trend observed for the ratio-series. The saturation magnetization at 300 K is con-
stant at 0.020± 0.004µB/Fe for the dBFO-series, but varying significantly, but non-
systematically around 0.023± 0.013µB/Fe for the dBGFO-series. At 10 K, the noise
level in the M(µ0H)-curves is greatly reduced, returning constant Fe-normalized val-
ues of 0.020± 0.020µB/Fe and 0.060± 0.010µB/Fe for the dBFO- and dBGFO-series,
respectively. The enhanced saturation magnetization was also previously observed
by Lazenka et al. [87] for rare-earth-doped BFO single-layer films. In Ref. 87, the
Msat-values for 110 nm and 170 nm, respectively, thick single-layer films of BiFeO3 and
Bi0.95Gd0.05FeO3, each grown from a stoichiometric target, were reported as 0.073µB/Fe
and 0.119µB/Fe, respectively. Both values are larger than theMsat-values of 0.02µB/f.u.
0.09µB/f.u. obtained for the corresponding BFO and BGFO films G6050 and G6051, re-
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Figure 5.39: (a)M(µ0H)-curves measured at 300 K, (b) values of saturation magnetization
Msat and (c) Mrem for multilayers of 16 × [BaTiO3-BiFeO3] with constant dBTO/ddl ratio
of 0.51± 0.02 and varying ddl of 4.6 to 17.7 nm.
spectively. This could be due the samples’ to increased layer thicknesses (about 360 nm)
compared to the films in Ref. 87, a commonly reported effect for BFO-films [9, 207].
In-depth analysis of the magnetic configuration of BTO-BFO multilayers was carried
out by Lazenka et al., and continued by Jochum et al., using conversion electron Möss-
bauer spectroscopy (CEMS). Using BFO targets enriched with Mössbauer -sensitive
57Fe, they investigated the hyperfine field distribution of n×[(BaTiO3) - (BiFeO3)] (n =
2 to 20, fixed ddl ) [151] and 15×[(BaTiO3)10 nm - (BiFeO3)x nm] (x = 5 to 50) [152].
Asymmetric peaks observed in the CEMS hyperfine field distribution of these BTO-
BFO multilayers are indicative of the disruption of the spin cycloid present in the
G-type anti-ferromagnetic BFO [151]. From the peak intensity ratio, it can be inferred
that the angle between magnetic moments to the cycloid plane (defined by the cycloid
direction [11̄0] and polarization direction [111]) increases with the double-layer repeti-
tion n [151]. Plainly speaking, this causes a progressive tilt the average magnetic spin
orientation towards an out-of-plane direction with n. When reducing the BFO layer
thickness, an increasing hyperfine field peak skewness served as an indicator that the
relative amount of ferromagnetically coupled Fe is enhanced [152]. It was argued that
this is due to the increased relative amount of uncompensated spin at the interface
between BTO and BFO.
Reliable measurement of such a perpendicular magnetic anisotropy with direct
macroscopic magnetic measurement techniques such as SQUID (Superconducting QUan-
tum Interference Device) magnetometry or VSM is far from an easy task. For one,
the measurement of the particularly low magnetization of the canted anti-ferromagnet
BFO, in particular when considering the minute quantity of sample material present in
thin film samples, is highly susceptible to sources of stray magnetization, such as con-
tamination from laboratory environment [56]. On top of that, contributions of surface
magnetism of STO substrates may play a problematic role [53]. For a discussion of
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Figure 5.40: In-plane (black) and out-of-plane (red)M(µ0H)-curves measured at 300 K for
(a) a BGFO single-layer and (b) a 63 nm, (c) a 35 nm and (d) a 23 nm thick 15×BTO-BGFO
multilayer with constant BTO-layer thickness.
the inherent measurement artifacts encountered in the PPMS VSM module used in the
framework of this thesis, see Appendix B. The limited radial space available inside the
gradiometer pickup-coils further complicates the measurement procedure. In the in-
plane configuration, entire 5 mm× 5 mm samples can be glued to the substrate holder.
In the out-of-plane configuration, samples need to be sawed in half, the edges trimmed
(saw-blades are a source of contamination, requiring a stringent cleaning procedure),
and glued onto the semicircular quartz-rods using further glass brackets for support.
Additionally, form-factor dependent erroneous signal contributions are enhanced for
thin film samples mounted perpendicular to the pickup-coil axis, and likewise the rel-
ative contribution of possible magnetic contaminant particles to the overall signal is
greatly increased at larger radial positions [214].
Nevertheless, we have been able to measure the relative IP and OOP magnetization
of the samples of the dBGFO-series. Due to the above-mentioned reasons, however,
these measurements should be taken with a grain of salt, and have not been repeated
for other sample series. Presented in Fig. 5.40 are comparisons of the respective IP
and OOP M (µ0H) measurements of a BGFO single-layer and samples of the dBGFO
multilayer series. As can be clearly observed, the relation of OOP to IP saturation
magnetization of the thickest multilayer (Fig. 5.40 b)) is more than doubled relative
to the BGFO single-layer (Fig. 5.40 a)) and increases with decreasing BGFO layer
thickness. This result, published in [H3], confirms the trends observed by CEMS by
Jochum et al. in [152]. Additional SQUID magnetometry measurements in Ref. 152
likewise show an increase of the OOP saturation magnetization with decreasing BFO
layer thickness. As we will discuss in the next chapter, the increased OOP orientation of
magnetic moments were correlated with an increase in αME, in the case of the variation
of n [151], as well as the variation of dBFO [152] and dBGFO [H3].
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5.3.4 Summary
In conclusion, the primary tuning parameter concerning the design of BTO-BFO mul-
tilayers was shown to be the relative individual layer thickness ratio of the constituent
materials. The overall double-layer thickness only plays a subordinate role, as the to-
tal multilayer mosaicity and lattice parameters of both BTO and BFO change only in
response to variation of dBFO with constant dBTO, as well as to variation of the relative
ratio with constant ddl, but are invariant for samples with constant ratio but changing
ddl . The minimum strain and likewise mosaicity are maintained for values of dBTO/ddl
between approximately 0.4 and 0.8. Samples with a 1 : 1 BTO-BFO ratio also show
the lowest strain contrast and interface roughness in TEM-measurements.
All multilayer samples irrespective of individual or double-layer thickness were found
to be both ferroelectric and possess a ferromagnetic-like hysteresis. The leakage current
present in FE hysteresis measurements is drastically decreased in multilayer samples
relative to single-layer samples. However, quantitative analysis of the ferroelectric
properties were hindered by low breakdown field strengths. As will be made evident in
the next section, a repetition of these design variation experiments using eclipse-PLD,
which produces BTO-BFO multilayers with drastically enhanced breakdown fields,
would be an interesting avenue for future investigations. Existence of perpendicular
magnetic anisotropy previously demonstrated by Mössbauer spectroscopy [151, 152]
could be confirmed by VSM measurements conducted on a sample series with vary-
ing BGFO-thickness and was found to increase with decreasing dBGFO. While the
general relationship between design and magnetic properties do not paint a straight-
forward picture, it seems that the remanent magnetization is enhanced with decreasing
double-layer thickness. In order to deepen the insight in the connection of the coupled
ferroic properties with design choices and local strain states, it is advisable to com-
bine structural measurements, such as HR-TEM, with both depth resolved magnetic
and polarization measurements, such as PNR and Lorentz -TEM, and first-principles
calculations.
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5.4 Effectiveness of Eclipse–PLD
Figure 5.41: Photographic images of (a) the eclipse mask used in the eclipse-PLD setup,
(b) side-view of the plasma plume being blocked by the eclipse mask and (c) frontal view of
the sample holder being shaded from the bright light emitted from the ablation spot by the
eclipse mask.
A number of common approaches for the parametric optimization of oxide multilayers
grown by PLD were presented in the previous sections, including growth parameter
optimization and the avenue of multilayer design choices. The general focus was set
primarily on a reduction of the droplet density and interface roughness in the multilayer
samples. While the variation of deposition parameters, such as olat and ρL show a
limited, but insufficient efficiency in reducing the number of droplet particles in BTO-
BFO thin films, the technique known as eclipse-PLD offers a more direct approach. A
shadow mask, also called eclipse mask or blind, is placed in the direct path between
the ablation spot on the target and the substrate. Heavy particles such as droplets
travel in a linear path and are blocked, while gaseous ablation species can be redirected
around the mask by multiple scattering events.
Fig. 5.41 shows the setup installed in chamber F. A number of circular masks with
diameters from 10 to 15 mm were fabricated, depicted in Fig. 5.41 a) is the mask with a
diameter of 13 mm. The dark spot visible in the center of the mask shows the position
of the highest particle flux in the center of the plasma plume. Fig. 5.41 b) illustrates
the persistence of a plasma plume behind the mask due to multiple scattering. In
Fig. 5.41 c), the eclipsing of the 2 × 2 substrate holder by the mask relative to the
bright ablation spot on the target is visible as a shadow. The shadow image was used
to align the mask and as a basis to choose the 13 mm mask over the smaller 10 mm
mask. The lateral offset was maintained at olat = 0 mm and the blind position was
varied using spacers. The fluence was set to ρL = 2 J cm−2, pO2 to 0.25 mbar and Tp to
700± 10 ◦C. The introduction of the eclipse-mask reduced the average deposition rate
by a factor between 3 and 4.
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5.4.1 Influence of Excimer Laser Voltage on the Deposition
Rate
During the initial experimental stage of implementing eclipse-PLD for the growth of
BTO-BFO multilayers, severe variations in the deposition rates were observed. Pre-
dictability of a process outcome is a key factor for the conservation of comparability
and a necessity for the precise implementation of target sample designs. The variation
in deposition rates, up to 50 % relative to the maximum rate, was soon linked to the
operation voltage of the excimer laser Ulaser. Excimer lasers generate laser emission by
stimulation of a gas mixture by high voltage. Over time, the gas mixture - in the case
of our system Kr and F - degrades due to surface reactions with the container [215].
In order to maintain the same 650 mJ per pulse output, the excimer laser controller
applies increasingly large high voltage fields to compensate the gas mixture degrada-
tion. Depending on the laser system’s range of stable operation parameters, the gas
mixture hence needs to be replenished after a certain time-frame, re-starting the Ulaser
adjustment-loop.
A side effect of an aging gas mixture can be that the overall beam profile, i.e.
the lateral distribution of emitted intensity, changes. This can change both the local
fluence across the ablation spot and the total energy on the ablation site. A rectangular
beam aperture is typically used to only admit the central area of the gaussian shaped
beam profile. While the total energy before the aperture may be kept constant by
adjusting Ulaser, changes in the beam profile can lead to a changed actual fluence ρL
at the ablation site after the beam passes the aperture. As discussed in Sec. 5.2.3, the
deposition rate of BFO is highly sensitive to changes in ρL, while the deposition rate
of BTO only depended on the actual ablation area.
Fig. 5.42 depicts the deposition rates, as determined from superstructure fringe
peaks in XRD 2θ-ω scans and XRR measurements for a) eclipse-PLD films and b)
a sample series deposited using conventional PLD (see the figure caption for details).
The green and black points in Fig. 5.42 a) represent the average total deposition rate of
the multilayers. The initial samples, assuming a static deposition rate are represented
by the green dots. The later introduced adaptive selection of pulse numbers, aiming at
a constant 1:1 BTO-BFO ratio, produced the samples represented by the black dots.
Over the short Ulaser range of 17.5 to 18.0 kV, the overall deposition rate dropped from
0.05 to 0.03Å per pulse. XRR measurements allowed the determination of individual
deposition rates. Across all excimer laser voltages, the BTO deposition rate scattered
around 0.083± 0.010Å per pulse, but with no clear dependence on Ulaser. The BFO
deposition rate, however, followed the same trend as the overall deposition rate, drop-
ping from 0.04 to 0.02Å per pulse. In comparison, all three deposition rates changed
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Figure 5.42: Deposition rates of BTO and BFO and the average multilayer deposition rate
in dependence of the excimer laser voltage Ulaser, required for an output of 650 mJ per pulse.
(a) sample range F178-F247, deposited using eclipse-PLD ρL = 2.0 J cm−2 (L = 20) and a
14 mm diameter blind; (b) sample range F020-F040, reported in Ref. H4 ddl, deposited using
conventional PLD with ρL = 3.8 J cm−2 (L = 0).
Table 5.10: Sample parameters of three 15×BTO-BFO multilayers deposited on NSTO
by eclipse-PLD using standard conditions at various excimer laser operation voltages Ulaser.
Double-layer thicknesses ddl were determined from superstructure fringe peaks in XRD 2θ-ω
scans, individual BTO and BFO thicknesses were determined by fitting XRR curves.
sample n(BTO) n(BFO) Ulaser (kV) ddl (nm) dBTO (nm) dBTO (nm)
F220 1250 4500 18.1 18.5± 0.5 9.5 8.8
F221 1250 2750 17.4 19.1± 0.3 – –
F223 1250 3250 17.8 19.7± 0.5 10.1 10.2
linearly with Ulaser in the conventional PLD process, as depicted for the samples pub-
lished in Ref. H4 in Fig. 5.42 b). The total change in the deposition rate over the range
of 17.6 to 18.1 kV was only about 5 % for these samples.
A qualitative fit of the BFO deposition rates, arbitrarily using the sigmoidal Boltz-
mann function, was used to predict appropriate pulse numbers based on Ulaser. The
predictive practicability of this naive fit is illustrated in a series of three samples de-
posited at Ulaser-values from 17.4 to 18.1 kV, the details of which are given in Table 5.10.
While the number of BTO pulses remained constant, the number of BFO pulses was
changed from 2750 to 4500 according to the current Ulaser-value determined just before
the process. The resulting double-layer and individual thicknesses vary only by less
than 10 %, though the BFO deposition rate varied from 0.020 to 0.036Å per pulse.
In summary, the deposition rate of BFO in the eclipse-PLD process was found to
change drastically in response to minor changes in the excimer laser’s operation voltage
Ulaser. The variation is predictable, but nevertheless unfavorable. A possible solution
eliminating this problem would be a more advanced projection setup, as described by
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Opel et al. in Ref. 216. They used a fully motorized set of five lenses in a telescopic
arrangement to homogenize the beam profile and create a sharp image of the laser
aperture on the sample surface. An in-situ measurement of the pulse energy inside the
deposition chamber with a pyroelectric detector facilitates an accurate adjustment of
the laser fluence.
5.4.2 Reduction of Droplet Particle Density
Initially, a number of films was deposited using the 10 mm mask with imperfect eclipse-
alignment. Using the shadow area for alignment, the remaining films were deposited
with the 13 mm mask. The resulting droplet particle densities of these films, normalized
to represent a 100 nm BFO film thickness, are presented in Fig. 5.43 a), in comparison
to films produced by conventional PLD in chambers G and F. The normalization to the
BFO thickness is introduced for comparability, as overall thicknesses varied and BTO
does not contribute to the droplet count (compare Fig. 5.26 b)). The films deposited in
chamber G under standard conditions have comparable droplet densities as the films
deposited with L = 10 mm and L = 20 mm in chamber F, around 10 to 40 particles per
100 nm BFO and 100 µm2 area. At L = 0 mm, the droplet density is the largest, two to
three times higher than for the other films. Using the partially aligned 10 mm mask,
the density is reduced to under 20 particles per 100 nm BFO and 100 µm2 area. When
aligned, the slightly larger 13 mm mask fully eclipses the 2 × 2 substrate holder, as a
result the droplet density is drastically and permanently reduced to less than 1 particle
per 100 µm2, on par with light contamination with dust particles due to storage in
regular lab environment, which can be shown for annealed and ultrasonically cleaned
substrates.
5.4.3 Improved Breakdown Field
The use of an eclipse blind and the associated reduction of particles embedded in
the multiferroic BTO-BFO multilayer films has a clear impact on the films’ ferroelec-
tric performance. Fig. 5.43 b) shows the ferroelectric key parameters imprint field,
positive (in the direction of imprint) coercive field and, most notably, electric break-
down field for BTO-BFO multilayers deposited via conventional PLD and eclipse-PLD.
The breakdown field indicates the applied electric field under which the film and top-
electrode undergo a destructive transformation. This can lead to undesirable premature
breakdown, i.e. destruction of the electrode at a voltage that is too low to record a
fully saturated ferroelectric hysteresis at the selected frequency (1 kHz). Generally,
the width of ferroelectric switching peaks in this work ranges from 1 to 2 MV cm−1.
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Figure 5.43: (a) Droplet particle density measured by LSM normalized to a virtual 100 nm
BFO thickness based on XRR measurements; (b) electric breakdown fields, ferroelectric co-
ercive and imprint fields measured at 1 kHz for samples deposited in chambers G and F using
conventional PLD and eclipse-PLD.
Hence, in order to measure a fully saturated ferroelectric hysteresis, the sample needs
to withstand electric fields at least 0.5 to 1 MV cm−1 larger than the positive coercive
fields (typically 0.5 to 1 MV cm−1). As Fig. 5.43 b) illustrates, the films deposited using
conventional PLD showed breakdown fields of only 0.8± 0.3 MV cm−1. In contrast, the
films deposited using eclipse-PLD showed breakdown fields of 3.2± 1.0 MV cm−1, the
highest values ranging close to 5 MV cm−1. This drastic improvement is indicative for
not just of the absence of droplet particles, but also for a highly ordered, defect-poor
growth mode, as electrode breakdown typically originates at highly conductive defect
sites. Measurements taking advantage of the improved breakdown field of eclipse-PLD
multilayers have been used to demonstrate a number of ferroelectric features within the
framework of this thesis, such as the nature of imprint and the influence of substrate
annealing (see Sec. 5.1.5).
5.4.4 Effect of Eclipse-PLD on Morphology
One of the central aims of the optimization process of system parameters and the ap-
plication of the eclipse-PLD technique was to reduce the number of droplets, but also
in particular to decrease the interface and surface roughness. While the influence of
interface roughness on the multiferroic and magnetoelectric properties of BTO-BFO
multilayers is currently unclear, a reduced interface roughness improves the informative
value of certain depth-resolved measurement techniques. In particular chemical depth
profiling techniques are highly affected by interface roughness. In both cross-sectional
TEM-EDXmapping and ablative ToF-SIMS depth profiling, lateral irregularities due to
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interface roughness are indistinguishable in the measurements from intermixing effects.
Another depth-resolved technique that stands to benefit from reproducible, uniformly
smooth interfaces is polarized neutron reflectometry (PNR). In an analogy to XRR,
PNR curves can be fitted with layer-based model functions and through the use of
up- and down-polarized neutron channels, an additional magnetic moment depth pro-
file can be constructed. The more uniform the sample is constructed, the higher the
magnetic contrast will be, and thus a greater precision in the magnetic depth-profile
information is obtained.
Fig. 5.44 shows exemplary topographical AFM scans for 5×BTO-BFO multilayers
a) F165 - conv. PLD b) F173 - 10 mm mask d) F172 - 13 mm maskc) F172 - 13 mm mask
Figure 5.44: AFM topography scans of 5×BTO-BFO multilayers deposited on STO using
(a) conventional PLD (sample F165), (b) eclipse-PLD with a 10 mm mask and a (c) 13 mm
mask. Subfigure (d) is the same image as (c), but tilted to reveal the stepped nature of the
surface structure. All samples were deposited at 700 ◦C with ρL = 2.0 J cm−2 at 0 mm lateral
offset.
deposited using conventional PLD and eclipse-PLD with 10 mm and 13 mm masks.
The sample depicted in Figure 5.44 a) was deposited with ρL = 2.0 J cm−2 at 0 mm
lateral offset. As mentioned in Sec. 5.2.3, multilayers deposited using these parameters
already show improved surface roughness of 0.26 nm, compared to 0.65± 0.27 nm for
samples grown under similar conditions in chamber G (cf. Ref. H3 ) and 3.9± 1.8 nm
for samples deposited in chamber F with ρL = 3.8 J cm−2 at 10 mm lateral offset. As
the AFM image shows, the surface is smooth but irregular, possibly due to ion bom-
bardment damage. The samples deposited using eclipse-PLD with a 10 mm and 13 mm
mask have similar Rrms-values of 0.23 nm and 0.19 nm, respectively. As Fig. 5.44 b) and
c) show, the surface structure is more regular with articulated overlapping plateaus.
In particular in case of the 13 mm mask, a washed-out terrace structure akin to that of
the underlying STO substrate is formed, as the tilted AFM scan in Fig. 5.44 d) reveals.
The low surface roughness is highly reproducible and was determined to vary around
0.23± 0.07 nm for over 50 multilayer samples deposited using eclipse-PLD, including
samples of 15×BTO-BFO with total thicknesses of up to 550 nm.
The low interface and surface roughness is also evident in TEM cross-section images,
presented in Fig. 5.45. The homogeneity of layer thicknesses and interface roughness
across the entirety of the 15 × [(BaTiO3)10 nm - (BiFeO3)10 nm] eclipse-PLD multilayer
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Figure 5.45: TEM cross-sections of a 15 × [(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer de-
posited by eclipse-PLD (sample F223) recorded in HAADF mode. (a) Overview of the entire
film thickness, (b) HR-TEM image of the last four layers.
F223 can be seen in Fig. 5.45 a). The sample was deposited using the aligned 14 mm
mask and 1250 and 3250 pulses for BTO and BFO layers, respectively. The double-
layer thickness as inferred by multilayer fringe peaks of 19.7± 0.5 nm fits well with
the value measured by TEM, 20.1± 0.3 nm. In the first BTO layer (appearing dark
in Fig. 5.45 a)), evidence of Bi-enrichment near the substrate is visible as a bright
contrast, as discussed in Sec. 5.1.2. HR-TEM imaging, as presented in Fig. 5.45 b),
reveals an interface roughness in the order of one to three unit cells. The image in
Fig. 5.45 b) was taken near the surface of the ∼300 nm thick multilayer and shows the
atomically flat topology of the terminating BFO layer. This confirms the atomically
stepped nature of the ∼200 nm wide terrace structures observed in AFM measure-
ments, cf. Fig.5.44 c). The high degree of uniformity of the deposited layers directly
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Figure 5.46: XRR measurement and simulated curve of BTO-BTO multilayer F223, de-
posited by eclipse-PLD.
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affects the applicability of certain experimental techniques that require simulation of
the film structure. This is exemplified by the accuracy of simulated XRR curves, as
Fig. 5.46 shows. The layer-thicknesses of the fit-model for BTO and BFO layers are
10.1± 0.4 nm and 10.2± 0.4 nm, respectively. For comparison, the values determined
by TEM-measurements are 10.2± 0.4 nm and 9.9± 0.3 nm, respectively, which vali-
dates the accuracy of the XRR fit. This demonstrates the unprecedented control over
interface roughness and layer thickness facilitated by the implementation of eclipse-
PLD.
5.4.5 Structural Properties of Eclipse-PLD Multilayers
One major concern connected to the use of a mask intercepting the direct path of
ablated material in PLD is the possibility of drastic changes to the sample chemistry.
As only particles that have been subjected to multiple scattering events can circum-
navigate this obstacle, differences in scattering probabilities could be enhanced and
hypothetically alter the composition of particles that reach the substrate. Fig. 5.47
shows the XRD 2θ-ω scans of a thin film deposited by conventional PLD in com-
parison with samples deposited by eclipse-PLD using a 10 mm and 13 mm mask. All
samples show similarly well defined superstructure fringe peaks. Note that the respec-
tive double-layer thicknesses and hence the periodicity and intensity of the fringe peaks
varies from sample to sample (see caption). The only systemic difference between the
conventional PLD and eclipse-PLD samples is a minor increase of the BTO OOP lat-
tice constant from 4.07 to 4.10Å, whereas the BFO lattice constant remains virtually
unchanged at about 3.95Å, as determined from the layer peaks near the STO (004)
peak. While these changes may point to a shift in stoichiometry, they are certainly
within the range of typical parameter variations, which can occur due to any number of
minor process parameter instabilities. It can be said that the eclipse-PLD BTO-BFO
multilayers appear, in structural XRD measurements, to be indistinguishable from
their counterparts grown by conventional PLD, albeit with slightly more pronounced
superstructure peaks.
5.4.6 Chemical Depth Profile Measurements
Previous attempts at unraveling the chemical depth profiles of BTO-BFO multilayers
were made difficult by the large interface roughness that occurs in samples deposited
with conventional PLD. In Ref. H1 we used a combination of STEM-EDX, ToF-SIMS
and Secondary Neutral Mass Spectrometry (SNMS) to investigate the differences be-
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Figure 5.47: XRD 2θ-ω scans of 5×BTO-BFO multilayers on STO deposited using con-
ventional PLD (F165) and eclipse-PLD with 10 mm (F173) and 13 mm (F172) masks. The
double-layer thicknesses are 25.0 nm, 17.0 nm and 18.5 nm for samples F165, F173 and F172,
respectively. Depicted are the angular ranges around the first and fourth STO (00l) Bragg
peak.
tween several high- and low-αME multilayers deposited by conventional PLD technique.
The focus lay on two samples of 15× [(BaTiO3)10 nm - (BiFeO3)20 nm] (high αME-value)
and 15×[(BaTiO3)10 nm - (BiFeO3)5 nm] (low αME-value) multilayers deposited on STO.
One key feature that persists throughout all BTO-BFO multilayers was, as discussed
previously in Sec. 5.1.2, an accumulation of Bi near the STO-interface. We also found
an asymmetry in the intensity distribution of the Bi, Ba and Ti signal, as well as
an apparent inter-diffusion of ca. 2 at% of Ba and Ti into the BFO layers. Both ef-
fects are enhanced in the sample with the higher αME -value and a nominal 5 nm BFO
layer thickness. However, TEM measurements revealed an asymmetric interface rough-
ness of ∼4 nm for the BTO-BFO interfaces caused by the BTO layer roughness. The
BFO layers remained smooth with roughness smaller than 1 nm, leading to thickness
modulations of the BFO layers in the order of magnitude of the 5 nm thickness. In
STEM-EDX, such lateral irregularities may lead to false measured intermixing effects
due to trans-illumination, compounding with effects of the electron beam interaction
radius, scattering of emitted X-rays and the detection limit of 0.1 to 1 at%. ToF-SIMS
depth profiling uses sequential sputtering and is hence susceptible to preferential sput-
tering and averaging over lateral inhomogeneities. As in ToF-SIMS, the local relative
ion yield rates are highly dependent on the electric configuration of the surrounding
atoms, this further complicates evaluation of depth-profiles.
Taking advantage of the drastically reduced interface roughness achieved via eclipse-
PLD, here we re-evaluate the chemical depth profiles of BTO-BFO multilayers with
three different individual layer thicknesses. The details of these three samples are
listed in Table 5.11. All samples have nominally identical BTO and BFO thicknesses
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Table 5.11: Sample parameters of three 15×BTO-BFO multilayers used for chemical depth
profiling, deposited on NSTO using eclipse-PLD under standard conditions. Double-layer
thicknesses ddl were determined from superstructure fringe peaks in XRD 2θ-ω scans, indi-
vidual BTO and BFO thicknesses were determined by fitting XRR curves.
sample n(BTO) n(BFO) ddl (nm) dBTO (nm) dBTO (nm)
F224 625 1650 10.1± 0.4 5.1 4.9
F223 1250 3250 19.7± 0.5 10.1 10.2
F225 2500 6500 37.1± 0.4 19.6 17.2
with double-layer thicknesses of 15×10 nm, 20 nm and 37 nm. Exemplary for all three
samples, Fig. 5.48 a) shows cross-sectional elemental maps recorded by STEM-EDX
around the seventh double-layer pair of the 15×20 nm sample (F223). The horizontally
averaged intensities of the main constituent elements are depicted in Fig. 5.48 b). An
elemental map from near the STO-interface of this sample was discussed in Sec. 5.1.2
(Fig. 5.7). Near the interface, the Bi accumulation can be confirmed, as is the case for
all other investigated samples. In Fig. 5.48 a), atomically smooth interfaces are visible
both in the HAADF signal, as well as the EDX signal. Crossover between regions of
BTO and BFO is limited to a 0.3 nm (less than one unit cell) region of symmetrical
decrease and increase of the respective elemental signal intensities. The signal intensity
of Ba and Ti in the BFO layers, as well as Bi and Fe in the BTO layers, is limited to
a homogeneous signal intensity in the order of the background noise level. The same
trends are also observable for the 15×10 nm and 15×37 nm samples (not shown here).
An advanced ToF-SIMS technique was used to analyze the three samples, which
allows a three-dimensional visualization of the elemental distribution in the samples.
In 3D-ToF-SIMS, the ion beam used for analysis is scanned across the sample surface
to include lateral information. Depth information is gained by alternating periods of
analysis with periods of sputtering, using a more intense ion beam for the latter than
the first. The ablation area is kept significantly larger (300 µm× 300 µm) than the
analysis area (50 µm× 50 µm) to exclude the formed pit edges from the measurement.
One such 3D-ToF-SIMS visualization is presented in Fig. 5.49 for the 15×20 nm sample
(F223). Depicted are the intensities measured for the main constituent binary oxides
TiO– , BaO– , SrO– , FeO– , and BiO– , as well as ions of selected trace elements MgO– ,
S– , C– , Mg+, Ca+, Na+, and K+. Additionally, the averaged intensity depth profiles
of the main constituent ions of all three samples are presented in Fig. 5.50. The trace
ion intensity profiles of sample F223 are depicted in Fig. 5.51, representative for all
three samples. In Fig. 5.49, the multilayer structure is clearly visible in the alternating,
laterally homogeneous 3D-profiles of TiO– , BaO– , FeO– , and BiO– . Even though the
layers are overall very smooth, a small structural irregularity can be seen near the
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Figure 5.48: (a) STEM-EDX elemental mapping of a cross-section of a 15 ×
[(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer deposited by eclipse-PLD (sample F223). Pre-
sented for reference is a HR-TEM image recorded in HAADF mode, as well as the laterally
resolved gray value intensities of EDX signals associated with the elements Ba, Bi, O, Ti, and
Fe. (b) Horizontally averaged vertical profiles of relative intensities of all five elements. The
indicated gray area is a narrow 0.3 nm transition range between the two phases.
surface, which is gradually smoothed out by the successive layers. In this case, the
irregularity appears to be a titanium oxide particle. As droplets appear to exclusively
originate from the BFO target (cf. Sec. 5.1.3) and are being blocked by the eclipse
mask (cf. Sec. 5.4.2), the source is likely a contamination from the lab environment or
the pre-treatment of the STO substrate.
Contamination of the multilayer with a number of trace elements is also clearly
visible in Fig. 5.49. Most impurities are distributed throughout the film and do not
penetrate into the STO substrate, apart from a small amount of C. Additionally, in-
creased concentrations of S, C, Mg, Ca, Na, and K can be found on the sample surface.
This indicates a contamination from storage in regular lab environment post-growth.
similarly, contamination of the targets during storage or fabrication may be responsible
for the presence of said elements in the multilayer structure. The presence of Sr in the
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Figure 5.49: 3D ToF-SIMS chemical depth-profiles of a 50 µm× 50 µm area of a 15 ×
[(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer deposited by eclipse-PLD (sample F223). De-
picted are the intensities detected for the bi-atomic negative ions TiO– , BaO– , SrO– , MgO– ,
FeO– , and BiO– , as well as the single negative and positive trace ions S– , C– , Mg+, Ca+,
Na+, and K+. The color gradient is set to a logarithmic intensity scale.
multilayers may be due to diffusion at the elevated growth temperatures, or otherwise
sputtering of the substrate material due to particle bombardment.
The modulation of elemental depth profiles in Fig. 5.50 is extremely homogeneous
across the layer thickness. The absence of dependency of the profile shape from the
distance to the substrate can be attributed to the low interface roughness and homoge-
neous growth conditions throughout the deposition process. Note that the intensities
of the O2 – are also periodically modulated by a factor of ∼ 2, even though the sto-
ichiometry of all layers is nominally ABO3. While for the thinnest sample the effect
is not as pronounced, the two thicker samples show two maxima in the O2 – signal,
one at the upper interfaces and a larger one in the center of the BFO layers, but none
at the lower interfaces. This is the first sign that the local ion yields are strongly af-
fected by the electronic configuration of the surrounding material (cf. Ref. H1 ). BTO
and BFO possess inherent spontaneous polarization with different polarization vectors
(along 〈001〉t and 〈111〉p.c.), which might contribute to other matrix effects. Other
116
















































































































0     200   400   600    800  1000  1200 1400 1600 1800
0      500   1000   1500   2000   2500  3000  3500   4000



















Figure 5.50: ToF-SIMS chemical depth-profiles of 50 µm× 50 µm areas of 15 ×
[BaTiO3-BiFeO3] multilayers of three different thicknesses as indicated, deposited by eclipse-
PLD (samples F224, F223 and F225). Presented are the intensities of the main constituent
bi-atomic oxide ion signals of TiO– , BaO– , SrO– , FeO– , and BiO– . The profiles use a region
of interest masking of the surface area, excluding large structural irregularities, like the one
visible in Fig. 5.49.
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Figure 5.51: ToF-SIMS depth-profile of trace elements for a 15 ×
[(BaTiO3)10 nm - (BiFeO3)10 nm] multilayer deposited by eclipse-PLD (sample F223).
Presented are the intensities measured for the trace ions C– , F– , Cl– , S– , AlO– , MgO– ,
Si– , H– , and SrO2 – .
than that, all profiles are fairly symmetrical and approach a top-hat shape with grow-
ing double-layer thickness. A minor asymmetry can be seen in the BiO– profiles, much
as was discussed in Ref. H1, as well as the previously discussed accumulation of Bi
near the STO surface. All profile modulations amplitudes progressively increase with
the double-layer thickness, indicating that the low squareness of the profiles recorded
for sample F224 in Fig. 5.50 b) may be due to either a limited diffusion length in the
order of a few nm, or else due to carryover from the previous layers.
In terms of impurities, the highest concentration of C, F, Cl, S, Al, Mg, and H
can be found on the sample surface (see Fig. 5.51). Apart from F, all elements are
modulated with peak intensities coinciding with the BTO layers. In Ref. H1, we found
an enhancement of trace element concentrations near the interfaces, which seems to be
absent in this case. Due to the matrix effect in ToF-SIMS, it is not given that these
intensity modulations are strictly to be attributed to a higher chemical concentration
of impurities in the BTO layers, but might rather be down to the local ionic yields.
Interestingly, a sharp spike of Si contamination appears near the STO surface, in the
same area as the Bi accumulation.
Overall, the presented depth-profiles reinforce the findings we published in Ref. H1,
with one exception. We reported a small amount of inter-diffusion of Ba and Ti into
the BFO layers for the sample with only 5 nm thick BFO layers, which had an in-
terface roughness of a few nm. By comparing the measurements from Ref. H1 with
the ToF-SIMS depth-profiles of the three eclipse-PLD derived multilayers within the
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double-layer thickness range from 10 to 37 nm and high quality HR-TEM and STEM-
EDX imaging, the BTO inter-diffusion appears to be related to either an interface-
roughness related measurement artifact, or higher diffusion rates during conventional
PLD, e.g. due to a higher amount of high energetic ion bombardment.
5.4.7 Preliminary Polarized Neutron Reflectometry (PNR)Mea-
surements
Despite the concentrated efforts of the last two decades of the research of magneto-
electric multiferroics, thorough in-depth theories of the coupling mechanisms of electric
polarization and magnetization are still lacking. This is in part due to the inaccessibility
of detailed local states of strain, electronic configuration and magnetic order. In recent
years, this gap is being slowly filled through the use of advanced sample characteri-
zation techniques such as atomically resolved HR-TEM [30, 125, 217], X-ray magnetic
circular dichroism [217] and polarized neutron reflectometry (PNR) [30, 125, 217-219],
complemented by density functional theory calculations. In particular PNR has gained
much interest in the research of BFO based heterostructures, as this measurement tech-
nique allows the formulation of depth-resolved magnetic profiles, even for small mag-
netic moments such as the small ferromagnetic moment induced Dzyaloshinski-Moriya-
interaction in canted anti-ferromagnets such as BFO. This requires the measurement
of the neutron reflectivity of high quality samples in a magnetic and/or electric field
with the distinction of an up or down polarized beam. Using PNR, e.g. Singh et al.
were able to determine the presence of ferromagnetic order in the BFO sub-layers of
ultra-short period BFO-LSMO superlattices [219, 220]. In similar BFO-LSMO het-
erostructures with a higher BFO thickness, parallel magnetic coupling was found to
be limited to a few unit cells near the interface [125]. Guo et al. have suggested that
this is due to interfacial atomic reconstruction forced by the interaction of the different
OOT systems of both materials [125]. Spurgeon et al. found a graded magnetic depth
profile for LSMO-PZT heterostructures, which they attributed to local strain states
and electric screening near the ferromagnetic-ferroelectric interface [30].
In continuation of the fruitful collaboration with Johanna K. Jochum, formerly at
KU Leuven, Belgium, we were recently able to conduct first PNR experiments on
BTO-BFO multilayers. The experiments in the framework of proposal no. 15287,
initiated by J. K. Jochum, were carried out under the highly appreciated technical
guidance of Yury Khaydukov at NREX+ [221] at the neutron source facility FRM-II
in Garching, Germany. One of the challenges when transferring the application of
this measurement type to a material system in which any robust ferromagnetic order
is absent lies primarily within the sample quality. The overall neutron reflectivity
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is determined by the nuclear scattering length density, differences in up- and down
polarized neutron reflectivity appear as modulations based on the magnetic scattering
length density. If the absolute variation of the magnetic moment in a multilayer is
very small, as is the case with the canted anti-ferromagnet BFO sandwiched between
layers of non-magnetic BTO, observation of deviations between the up- and down-
polarized channels is advantaged by the existence of sharp, intense superstructure-
Bragg peaks [169]. This condition is met for multilayers with extremely homogeneous
periodicity and atomically smooth interfaces, which was one of the motivations to
optimize the multilayer growth by exploiting the advantages of eclipse-PLD.
Table 5.12: Sample parameters of three 15×BTO-BFO multilayers used for PNR experi-
ments, deposited on NSTO by eclipse-PLD using standard conditions. Double-layer thick-
nesses ddl were determined from superstructure fringe peaks in XRD 2θ-ω scans, individual
BTO and BFO thicknesses were determined by fitting XRR curves.
Sample Ulaser (kV) nBTO nBFO ddl (nm) dBTO (nm) dBFO (nm)
F244 18.3 625 2300 8.6± 1 4.1± 0.5 4.3± 0.4
F245 18.3 1250 4600 16.3± 0.7 9.7± 0.5 7.6± 0.5
F247 17.9 2500 8000 35.0± 0.9 17.8± 0.6 14.8± 0.7
A series of three 15×BTO-BFO samples was deposited by eclipse-PLD for the use in
PNR experiments. Using optimized growth conditions and pulse numbers adapted to
the laser operation voltage Ulaser (kV), the ratio of BTO to BFO was kept at ca. 1 : 1,
while varying the double-layer thickness ddl . The deposition parameters and resulting
double-layer and individual layer thicknesses are tabulated in Table 5.12. By design,
these samples were generated in analogy to the sample series used for chemical depth
profiling by ToF-SIMS and HR-TEM, discussed in the previous subsection. In order
to increase the signal-to-noise intensity, 10 mm× 10 mm NSTO substrates were used,
which coincides with the length scale of sample illumination by the neutron beam at low
angles ≤1◦. The double-layer thicknesses were chosen, as will be discussed in the follow-
ing chapter, to encompass multilayers well below, at and above the transition thickness,
at which bulk- and interface-driven coupling dominates the magnetoelectric coupling.
The assumption is that, in analogy to BFO-LSMO heterostructures [125], the supposed
interface-driven magnetoelectric coupling mechanism is expressed by magnetic order
restructuring at the interface. In this case, a magnetic scattering length function, used
to fit hypothetical differences between spin up and down channels, should show clearly
distinguishable features for all three samples. In particular in the case of multilay-
ers with a 1:1 thickness ratio of the individual layers, the strongest variance between
the up- and down-polarized signal is expected around the second superstructure Bragg
peak. In such perfectly symmetrical multilayers, the even numbered Bragg peaks are
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forbidden due to a phase shift by π, and the re-emerging of those peaks hints at an
interfacial magnetic order reconstruction [222].
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Figure 5.52: XRD 2θ-ω scans measured on three BTO-BFO multilayer samples used for
PNR measurements.
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Figure 5.53: XRR curves measured on three BTO-BFO multilayer samples used for PNR
measurements. The first two visible superstructure Bragg peaks of each measurement curve
are indivated by arrows.
In Figures 5.52 and 5.53, 2θ-ω scans and XRR curves of the three samples are dis-
played. The high epitaxial quality and low interface roughness is indicated by the
presence of a number of sharp, distinguished superstructure peaks visible in Fig. 5.52,
both at low and high diffraction angles (shown are the areas around the (001) and
(004) NSTO peak). The double-layer thicknesses determined from superstructure fringe
peaks are 8.6 nm, 17.4 nm and 35.0 nm. In Fig. 5.53, superstructure Bragg peaks are
clearly visible along with underlying shorter period oscillations indicative of the to-
tal film thickness. The individual layer thicknesses resulting from fits of these XRR
measurements are listed in Table 5.12.
Two exemplary PNR measurement of the thinnest (F244) and thickest (F247) mul-
tilayer sample are presented in Figs. 5.54 and 5.55. The measurements were carried out
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Figure 5.54: Preliminary PNR scan of a 15 × [(BaTiO3)4.1 nm - (BiFeO3)4.3 nm] multilayer
deposited by eclipse-PLD (sample F244). A OOP magnetic field of 4.5 kOe and an electric
field of 60 kV cm−1 (9 kV applied to a capacitive sample holder with a 1.5 mm gap) were
applied during the measurement. (a) Full scan, (b) detail around the second Bragg peak.
The black data points were recorded using the spin down, the red using the spin up channel.
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Figure 5.55: Preliminary PNR scan of a 15 × [(BaTiO3)18 nm - (BiFeO3)15 nm] multilayer
deposited by eclipse-PLD (sample F247). A OOP magnetic field of 4.5 kOe and an electric
field of 60 kV cm−1 (9 kV applied to a capacitive sample holder with a 1.5 mm gap) were
applied during the measurement. (a) Full scan, (b) detail around the second Bragg peak.
The black data points were recorded using the spin down, the red using the spin up channel.
in a magnetic field of magnetic field of 4.5 kOe, oriented parallel to the sample surface
and the neutron beam polarization direction. A capacitive voltage of 9 kV was applied
normal to the sample surface, generating an electric field of 60 kV cm−1. During the
measurements, the sample chamber was kept at 300 K pumped to below 10−2 mbar
after flooding with He gas. Note the absence of the second Bragg peak in Fig. 5.54.
This confirms the highly symmetrical nature of the multilayer structure of sample F244
(cf. Table 5.12). However, the noise level above 2◦ was in the same order of magnitude
as the signal and the signal-to-noise ratio could not be improved significantly by in-
creasing the measurement integration time within reasonable temporal limits. Overall,
no difference between the spin up and down channels was observed for this sample. In
contrast, for the thickest sample (F247), a non-zero intensity was measured also for
even numbered Bragg peaks (see Fig. 5.55). This is due to the difference in BTO and
BFO thickness for this sample (17.8 nm and 14.8 nm, respectively). A detailed view of
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the second Bragg peak is shown in Fig. 5.55 b). While the second order peak in the
spin down channel is symmetrical, in the spin up channel the peak is split into two
sub-peaks and slightly lower in total intensity. The intensity difference lies just outside
the standard error margin, the absolute peak height ratio is 2 : 3.
These preliminary results are certainly interesting and call for further experiments.
In case of the multilayers with the thinnest double-layer thickness, the overall sample
thickness should be improved by increasing the number of double-layer repetitions,
in order to improve signal-to-noise ratio. In case of the thicker multilayers, it might
be desirable to adjust the BTO-BFO ratio in such a manner that the second Bragg
peak either disappears or is enhanced. One factor that might require an additional
workaround is that, given the sample holder geometry, magnetic and electric fields are
applied perpendicularly to one another. All of our measurements of the magnetoelectric
coupling in BTO-BFO multilayers generally apply a longitudinal, out-of-plane geome-
try. Contrary to that, the geometry applied here would probe the transverse coupling
of magnetic and electric order. Additionally, we know from Mössbauer experiments
that the preferential magnetic orientation of BTO-BFO multilayers is out-of-plane,
while the applied field and spin polarization directionality is in-plane with respect to
the sample. Further in-depth analysis of these preliminary PNR measurements and
modeling of the layer structure are still in progress at the time of writing this thesis.
5.4.8 Summary
The application of eclipse-PLD to the deposition of BTO-BFO multilayers drastically
improved the overall sample quality. A greatly reduced droplet density was achieved,
which results in increased breakdown field strengths of up to 5 MV cm−1. Consequently,
this enabled more thorough insights into the ferroelectric properties of BTO-BFO mul-
tilayers. A reduction of interface and surface roughness to within one unit cell persists
also for thick (550 nm) multilayers. In the absence of a significant interface rough-
ness, ToF-SIMS and TEM-EDX measurements did not show any intermixing of the
sub-layers, in contrast to previous studies [H1]. In the presented preliminary PNR
measurements, we showed minor differences in the spin-up and spin-down channel sig-
nals under application of an electric field. Further PNR measurements on such high-
quality samples are expected the detailed magnetic depth-profile present in BTO-BFO
multilayers. The only disadvantage of eclipse-PLD is the strong dependence of the
deposition rate of BFO on Ulaser, i.e the age of the excimer gas mixture. However, after
depositing an appropriate number of samples, we are now able to predict the deposition
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5.5 Enhanced ME Effect in BaTiO3–BiFeO3 Multi-
layers
In the previous sections, the general properties of epitaxial BTO-BFO multilayers
grown on STO substrates were laid clear and contrasted with the properties of in-
dividual single-layer. The implications of growth conditions and design choices on the
structural and ferroic properties were discussed, highlighting the efficient control of
mosaicity, morphology and strain. In pursuit of further mitigation of impeding fac-
tors such as high interface roughness, inadvertent presence of droplet particles and low
electric breakdown field strength, the advanced PLD-technique of eclipse-PLD was pre-
sented as a promising avenue for future investigations. In particular the examination of
structural, chemical and magnetic depth-profiles, as well as the systematic evaluation
of ferroelectric properties was shown to greatly benefit from this deposition technique.
Now, we will ultimately turn to the key property that warrants the intense scrutiny
given to the detailed investigation of all aspects of these BTO-BFO multilayers: mag-
netoelectric coupling. A brief glimpse into this subject was already given in Sec. 5.1.6,
in which the key differences between the ME coupling measured on BFO single-layer
and BTO-BFO multilayer samples were introduced.
5.5.1 Review of Previous Investigations
Before approaching the topic of ME coupling measured for samples created in the
framework of this thesis, let us revisit the results of the previous studies pertaining to
the ME coupling in BTO-BFO multilayers conducted by our group and our collabo-
rators at the KU Leuven, prior to the framework of this thesis. A brief overview over
this collaborative work was already given in Sec. 3.5.4. In this following section, we
will discuss the phenomenological side of these past investigations. Key factors that
were used to characterize the ME coupling in these films were the dependence on the
DC magnetic bias field and measurement temperature T , as well as the room temper-
ature αME base value measured in 0 T, as determined through AC longitudinal voltage
measurements, as described in Sec. 4.7. All measurements used a 10 Oe AC magnetic
field.
The first experiments into BTO-BFO heterostructures compared the ME coupling
in BTO and BFO single-layer films with that in variable ratio composite films and
multilayers deposited at 0.01 mbar and 0.25 mbar [11]. In both composite and multi-
layer films, the magnetization was enhanced with respect to BFO single-layer reference
films. The αME base value was found to be enhanced relative to the 3 V cm−1 Oe−1
published for BFO single-layer films [9], reaching 20.7 V cm−1 Oe−1 for the 67 % BTO-
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content composite film grown at 0.25 mbar and 8.8 V cm−1 Oe−1 for the 15×BTO-BFO
multilayer sample grown at 0.01 mbar with a ddl -value of 29.3 nm [11]. In this study,
the characteristic magnetic field dependencies of single- and multilayer films was first
reported. The single-layer samples, and in this case the composite films, show a slight
increase up to a maximum around 0.5 to 2 T, with a subsequent decrease below the
base value, similar to the behavior observed in bulk BFO-samples [121]. Contrary to
this, the multilayer films show a slight increase from the base value and a saturation
above 3 T, within the measurement range of 0 to 6 T. These trends were confirmed for
all single-layer BFO, composite and multilayer samples investigated since [147,148,150-
152,H1,H3-H5], as mentioned previously in Sec. 5.1.6.
Further investigations into the correlation of oxygen pressure pO2 during deposi-
tion and αME produced an enhanced αME -value of 49.7 V cm−1 Oe−1 for a 0.25 mbar
multilayer sample with ddl = 14 nm. This is contrasted by the 13.4 V cm−1 Oe−1 mea-
sured for a 0.01 mbar multilayer sample with ddl = 38 nm [147]. Opposing trends of
T -dependency, falling and rising with increasing temperature for the low- and high-
pO2 samples, respectively, led to the conclusion of varying dominance of competing
coupling mechanisms. Increased oxygen octahedral tilt (OOT) [148], micro-srtain and
oxygen deficiency [147] were found in the low-pO2 sample and were correlated with the
difference in T -dependency and overall αME -value. The αME base values published in
Ref. 148 for a sample-series of BTO-BFO multilayers deposited in a range of 0.01 to
0.25 mbar are depicted in Fig. 5.57 a). These samples were deposited using identical
pulse numbers for all pressures, leading to vastly different ddl-values, as the lower x-axis
in Fig. 5.57 a) shows. Due to overlap of the αME data points displayed versus the pO2 -
and ddl -values, it is difficult to separate any correlation of αME with either individual
parameter.
An analysis of the ME coupling of multilayers with constant BTO thickness and
varying BFO thickness was conducted by Jochum et al. [152]. The αME base value
increased from 11 to 56 V cm−1 Oe−1 as the BFO thickness was decreased from nom-
inally 50 to 5 nm. The magnetic bias field dependence remained unchanged, whereas
the T -dependency changed from a single-layer-like monotonically decreasing with rising
temperature for the highest BFO-thickness, via curves with a minimum for intermedi-
ate thicknesses, to a monotonically increasing behavior for the lowest BFO-thickness.
This indicates a change in the dominant ME coupling mechanism from the mechanism
intrinsic to BFO thin films to an interface-driven or strain-mediated effect. As men-
tioned in Sec. 5.3, the lowering of the BFO-thickness was accompanied by an increase
in the skewness of the Mössbauer spectroscopy hyperfine field distribution, indicative
of increasing perpendicular magnetic anisotropy. Likewise, Lazenka et al. found that
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Figure 5.56: ME coupling coefficient αME measured at 300 K in 0 T for BTO-BFO multilay-
ers (a) deposited in the pO2 -range of 0.01 to 0.25 mbar (data adapted from Ref. 148 and (b)
with double-layer repetition n in the range of 2 to 20 (data adapted from Ref. 151). Note the
doubled x-axis and associated color-coded data points in a), the lower axis (black) denoting
the ddl-value, the upper axis (red) denoting the pO2 -value during deposition. Likewise, in b),
the left (black) y-axis refers to the normalized αME -value, while the right y-axis (red) gives
the absolute, raw UME voltage values.
the αME base value for BTO-BFO multilayers with a ddl of 22.0± 0.8 nm increases
from 16 to 28 V cm−1 Oe−1, as the number of double-layers increases from n =2 to
20 [151]. The αME data points from this study are presented in Fig. 5.56 b), along
with the unadjusted UME ME voltage values. As the graph shows, the αME -values
do not approach 0 V cm−1 Oe−1 for small n, but a value more than twice as large as
the value of 3 V cm−1 Oe−1 reported for BFO single-layers [9]. This serves as another
indicator of an interface effect at the origin of the enhanced ME coupling in BTO-BFO
multilayers. They also showed that the magnetic anisotropy, which is characteristic of
BTO-BFO multilayers, but not of BFO single-layers [150], also increases with n. This
dependency of αME on the BFO layer thickness and the amount of double-layers in a
multilayer stack raised the question, whether the trend observed for the samples grown
at various oxygen pressures might instead be connected to the changing double-layer
thickness. This knowledge-base served as the starting point for the experiments con-
ducted throughout the framework of this thesis. The design of the samples presented in
the following was constructed to separate the influence of oxygen pressure, individual
and double-layer thickness on the magnitude of the ME coupling coefficient αME .
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5.5.2 Samples
Over the course of this thesis, we were able to measure the ME coupling coefficients
of five multilayer sample series, along with respective single-layer reference samples.
Table 5.13 gives an overview of these samples, listing the oxygen pressure during
growth, double-layer thicknesses, BTO-BFO thickness ratio and αME base value at
300 K and 0 T. All samples were previously presented in Sec. 5.2 and Sec. 5.3, where
we focused on the structural and ferroic properties of these samples in relation to the
respective altered parameters.
The purpose of the single-layer samples was to establish a baseline of the inherit ME
coupling strength, as well as magnetic field and temperature dependence, in BTO-,
BFO- and BGFO-films with comparable thicknesses to the average multilayer inves-
tigated in this thesis. The pO2 -series was kept at a relatively constant double-layer
thickness, in contrast to the films investigated in Refs. 11 and 148, to reduce any pos-
sible influence of the double-layer thickness on the αME-coefficient. The two dBFO- and
dBGFO-thickness series were constructed in analogy to the study conducted by Jochum
et al. [152], which explicitly varied the magnetic phase in order to explore to investigate
correlated magnetic and magnetoelectric changes in the multilayer structures. As these
sample series combined a simultaneous alteration of both BTO-BFO ratio and ddl, the
two final sample series vary these two parameters individually, while keeping the other
constant.
At this point, let us briefly revisit the core changes introduced in the multilayer prop-
erties by the various parameter changes. With decreasing pO2, the interface quality and
mosaicity of the deposited multilayers drastically decreases in the pressure range from
0.25 mbar down to 0.01 mbar. The sample deposited at 0.10 mbar showed the largest
IP lattice parameter and the lowest saturation magnetization. The variation of the
BTO-BFO ratio causes a systematic IP and OOP lattice parameter tuning, irrespec-
tive of the overall ddl , which does not affect the lattice parameters. The BTO-BFO
ratio also affects the multilayers’ mosaicity, with the lowest FWHM values measured
around dBTO/ddl = 0.6 to 0.8, depending on the sample series. Both the reduction of
the dBTO/ddl quotient and the overall ddl were found to increase the remanent mag-
netization in BTO-BFO multilayer samples. Additionally, we could show an increased
OOP tilt of the magnetization axis with reduction of the BGFO thickness.
The results obtained for the dBGFO-series have been published in Ref. H3 and the
results obtained for the pO2 -, ratio- and ddl -series have been published in Ref. H4 .
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Table 5.13: Deposition parameters, layer thicknesses and ME coefficients of the samples
of the reference single-layers, the pO2-, dBGFO-, dBFO-, ratio, andddl-series. The multilayer
samples with sample IDs beginning with G consist of 15 double-layers deposited on STO,
those with sample IDs beginning with F consist of 16 double-layers. ∗: BGFO; †: single-layer
thickness.
sample pO2 ddl dBTO/ddl αME (300K, 0T)
ID (mbar) (nm) V cm−1 Oe−1
single-layer reference samples
G5993 0.25 240± 8† 1 0.01
G6050 0.25 360± 15† 0 4.2
G6051∗ 0.25 360± 15† 0 6.4
pO2 -series
F029 0.01 19.6± 0.3 n.a. 110.1
F030 0.05 22.5± 1.0 0.50 88.9
F036 0.10 20.0± 0.7 n.a. 71.9
F026 0.25 20.1± 0.2 0.48 106.4
dBFO-series
G6041 0.25 69.0± 4.0 0.37 6.8
G6043 0.25 44.0± 3.0 0.63 13.2
G6044 0.25 35.7± 0.8 0.78 21.3
G6045 0.25 30.0± 2.0 0.88 34.2
dBGFO-series
G5989 0.25 63.0± 3.0 0.30 6.1
G5990 0.25 35± 1.0 0.49 25.5
G5991 0.25 26± 0.4 0.67 19.2
G5992 0.25 23± 0.3 0.72 50.8
ratio-series
F022 0.25 19.4± 0.6 0.81 114.5
F024 0.25 19.6± 0.4 0.69 111.7
F026 0.25 20.1± 0.1 0.48 106.4
F025 0.25 19.4± 0.6 0.31 113.3
F023 0.25 20.0± 1.0 0.11 111.4
ddl-series
F032 0.25 4.6± 0.2 0.54 480.4
F033 0.25 9.6± 0.2 0.51 241.1
F034 0.25 14.3± 0.2 0.50 143.1
F035 0.25 17.7± 0.3 0.50 132.0
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5.5.3 Measurements of the ME Coupling Effect
The most pressing question was certainly that of the precise influence of the oxygen
pressure on the ME coupling in BTO-BFO multilayers. The samples discussed in
Refs. 11 and 148, as presented in Fig. 5.56 a), showed a monotonous increase of αME
with the correlated increase of pO2 and decrease of ddl . The αME -coefficients mea-
sured for the new sample series of relatively constant 20.6± 1.1 nm ddl are presented in
Fig. 5.57. The previously reported trend is not repeated here, after a dip from 106 to
72 V cm−1 Oe−1 is measured going from 0.25 to 0.10 mbar, increasing again from 89 to
110 V cm−1 Oe−1 as the deposition pressure is further decreased from 0.05 to 0.01 mbar,
as Fig. 5.57 a) shows. This represents no correlation with the steady increase in mo-
saicity and interface roughness with decreasing pO2, in contrast to the conclusions of
Refs. 11 and 148, which pointed out the correlation of the decrease of αME with an
increase of micro-strain and oxygen vacancies for samples deposited at lower oxygen
pressures. The overall strain state of the multilayer structure might nevertheless play a
role in determining strength of ME coupling interaction, as the negative correlation of
the average IP lattice parameter in Fig. 5.57 b) suggests. There also exists a positive
correlation between the remanent magnetization and the αME base value, also depicted
in Fig. 5.57 b). Neither parameter has a linear relationship with the oxygen pressure
during the deposition for this sample series, which makes this existing correlation all
the more striking.
There are no differences among the four pO2-samples in terms of temperature depen-
dence, as all of them show a monotonous incline with rising T, as Fig. 5.57 c) shows.
This suggests that the same inherent coupling mechanism is at work in all four samples,
irrespective of the deposition pressure. Overall, the previously reported dependency
of αME on pO2 could not be reproduced, if ddl is kept relatively constant. In fact, the
αME base values for the 0.01 mbar and 0.25 mbar samples are almost identical, despite
vast structural and morphological differences between the two samples. To re-iterate:
the FWHM of the main superstructure peak, indicative of the in-plane mosaicity, of
the 0.01 mbar is more than one order larger than that of the 0.25 mbar sample and
while the high-pO2 sample has an interface roughness in the unit cell scale, the low-pO2
sample shows variations in the scale of the individual layer thickness.
In Figs. 5.58 and 5.59, the dependence of αME on the magnetic bias field, in the
range of 0 to 6 T at 300 K, as well as the dependence on the measurement temperature,
in the range from 10 to 300 K in 0 T bias field, are presented for the dBFO- and dBGFO-
series, respectively. Included in these graphs are the αME -curves for the BFO and
BGFO single-layers. Not shown are the measurement results for the BTO single-
layer film, which shows a static signal equal to 0.01 V cm−1 Oe−1 across all fields and
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Figure 5.57: (a) αME and UME at measured 300 K in 0 T bias field and (b) a‖ave and Mrem
compared to the respective αME-values and (c) T -dependent αME for the samples of the pO2
-series. Graphs a) and c) adapted from Ref. H4.
temperatures. This is the noise floor if the same measurement settings (sensitivity,
gain, etc.) as for the multilayer samples are used. Both the BFO and BGFO single-
layer film show a small peak around 0.5 to 1.0 T with a subsequent decline of αME ,
mimicking the behavior of both bulk BFO [81, 121] and BFO thin films [9, 150]. Both
αME -values are increased by three orders of magnitude relative to values reported for
bulk BFO [11,81,121]. With αME base values of 4.2 and 6.4 V cm−1 Oe−1 for the BFO
and BGFO single-layers, respectively, these samples outperform other BFO thin films
investigated prior to this thesis. To cite just two, the original publication by Wang
et al. quotes a maximum value of 3 V cm−1 Oe−1 for a 70 nm BFO thin film on STO [9]
and the first BFO single-layer αME-coefficient reported by Lazenka et al. was measured
to be 1.8 V cm−1 Oe−1 for a 500 nm BFO film on STO [150]. The T -dependence for
both films is monotonously falling as T is increased from 10 to 300 K.
G 6 0 4 1  -  d d l  =  6 9  n m
G 6 0 4 5  -  d d l  =  3 0  n m
G 6 0 4 4  -  d d l  =  3 5  n m
G 6 0 4 3  -  d d l  =  4 4  n m
G 6 0 5 0  -  B F O  s i n g l e  l a y e r
0 1 2 3 4 5 64 . 1 0
4 . 1 5
6 . 7 5
6 . 8 0
6 . 8 5
1 3 . 2
1 3 . 4
2 1 . 5











D C  b i a s  m a g n e t i c  f i e l d  ( T )
a )












T  ( K )
 G 6 0 5 0  -  B F O  s i n g l e  l a y e r
 G 6 0 4 1  -  d d l  =  6 9  n m
 G 6 0 4 3  -  d d l  =  4 4  n m
 G 6 0 4 4  -  d d l  =  3 5  n m
 G 6 0 4 5  -  d d l  =  3 0  n m
b )
Figure 5.58: (a) DC bias magnetic field dependent and (b) temperature dependent αME-
coefficient measurements for the samples of the dBFO-thickness series.
The samples of the dBFO-series genuinely reproduce the results for αME obtained
by Jochum et al. for a similar sample series [152]. I.e. all multilayer samples show
a saturating behavior with respect to the bias magnetic field and a transition from
the single-layer-like decrease of αME with T to a monotonous increasing behavior as
131
Chapter 5. Results: BaTiO3–BiFeO3 Heterostructures
0 1 2 3 4 5 6
6 . 0
6 . 2
6 . 41 9 . 2
1 9 . 6
2 0 . 0
2 5 . 6
2 5 . 8
5 0 . 0
5 5 . 0
6 0 . 0
G 5 9 8 9  -  d d l  =  6 3  n m
G 6 0 5 1  -  B G F O  
s i n g l e  l a y e r
G 5 9 9 1  -  d d l  =  2 6  n m








D C  b i a s  m a g n e t i c  f i e l d  ( T )
G 5 9 9 2  -  d d l  =  2 3  n m
1 5 x B T O - B G F O  m u l t i l a y e r s






 G 6 0 5 1  -  B G F O  s i n g l e  l a y e r
 G 5 9 8 9  -  d d l  =  6 3  n m
 G 5 9 9 0  -  d d l  =  3 5  n m
 G 5 9 9 1  -  d d l  =  2 6  n m







T  ( K )
b )
Figure 5.59: (a) DC bias magnetic field dependent and (b) temperature dependent αME-
coefficient measurements for the samples of the dBGFO-thickness series. Graphs adapted from
Ref. H3.
the BFO thickness is decreased, as Figs. 5.58 a) and b), respectively, show. The
αME base value increases from 6.8 to 34.2 V cm−1 Oe−1 as the BFO thickness decreases
from approximately 44 6nm. For the dBGFO-series, this clear trend is not present as
clearly. While most multilayers show the same saturating behavior with respect to
the bias magnetic field, the thickest multilayer with ddl = 63 nm closely mimics the
behavior of the single-layer BGFO sample with a slightly lowered αME base value of
6.1 V cm−1 Oe−1. The changes in T -dependency and αME base value generally adhere
to the same trend as for the dBFO-series, as can be observed in Figs. 5.59 a) and b).
The exception here is the ddl = 26 nm sample, which at 10 K shows a αME -value
between that of the 35 nm and 23 nm sample, but drops below the value obtained for
the 35 nm sample, as T is increased to 300 K.This oddity also persisted with multiple
measurement repetitions and remains inexplicable, as it contradicts the trends observed
for the remaining sample series. More consistently, for both the dBFO- and dBGFO-
series, the difference between the 0 T and 6 T αME -value increases monotonically with
decreasing BFO (BGFO) thickness, from 1.3 to 5.5 V cm−1 Oe−1 for the dBFO-series and
from −1.3 to 8.2 V cm−1 Oe−1 for the dBGFO-series. Additionally, among both sample
series, the highest αME-values of 34.2 V cm−1 Oe−1 and 50.8 V cm−1 Oe−1 were measured
for the samples with the lowest BFO and BGFO thicknesses, respectively.
What remains ambiguous up to this point is whether the increase in the αME base
value and associated changes in the T -dependency are due to the decrease of the BFO
thickness, the double-layer thickness, or simply the thickness ratio between BTO and
BFO. With the ratio- and ddl -series, the dBTO/ddl-ratio range from 0.11 to 0.81 is
covered, as well as the associated thickness ranges of BTO from 2.1 to 15.7 nm and
BFO from 2.6 to 17.5 nm and the ddl-range from 4.6 to 20.0 nm. The αME base values,
along with the absolute as-measured ME voltage values, and temperature dependent
αME -curves are presented in Fig. 5.60. For reference, the αME -values for the dBTO/ddl
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Figure 5.60: (a) αME and UME measured at 300 K in 0 T bias field and (b) αME(T ) for the
samples of the ratio series. Graphs adapted from Ref. H4.
extremes 0 and 1, i.e. single-layers of BFO and BTO, are depicted in Fig. 5.60 a),
as well. Over the entire composition range, the αME -value remains fairly stable at
111± 3 V cm−1 Oe−1. The variation is in the same order of magnitude as the standard
deviation of the double-layer thickness of 19.7± 0.3 nm used to normalize the UME-
values. Likewise, the T -dependency of all layers shows the same quasi-linear increase
from around 80 to 110 V cm−1 Oe−1 in the range from 10 to 300 K, as depicted in
Fig. 5.60 b). This invariability with respect to the BTO-BFO thickness ratio is a
profound contrast to the non-linear variation of the multilayers’ Msat -values and the
linear decrease of Mrem with increasing BFO content (cf. Fig. 5.38). It also suggests
that the changes in αME observed for the dBFO- and dBGFO-series, which also cover the
composition-range from 0.3 to 0.88, are in response to one of the other parameter-
changes introduced with the BFO and BGFO thickness variation. That is, either the
overall double-layer thickness, the BFO and BGFO layer thickness itself, or the lattice-
parameter tuning associated with the ratio-variation are the source of the enhanced ME
coupling. The latter can almost certainly be excluded, as the same lattice parameter
tuning also occurs for the constant-ddl ratio series presented in Fig. 5.60. Likewise, the
individual layer thicknesses of BTO and BFO seem to have no significant impact. And
just as was observed for the pO2 -series, there is no correlation between the elevated
FWHM of the multilayer peak at the extremes of the dBTO/ddl-range with the strength
of ME coupling.
This leaves only the overall double-layer thickness as the potential fundamental de-
termining factor for the enhancement of αME in BTO-BFO multilayers. The multilayer
samples of the ddl -series presented here possess the lowest double-layer thicknesses of
all the BTO-BFO multilayers investigated by our group, so far. The samples range in
ddl from 4.6 nm - only 5 to 6 monolayers per individual layer - to 20.1 nm, while main-
taining a constant dBTO/ddl-value of 0.51± 0.02. The αME - and UME -values measured
at 300 K in 0 T magnetic bias field are presented in Fig. 5.61 a), the αME(T )-curves
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Figure 5.61: (a) αME and UME at measured 300 K in 0 T bias field and (b) αME(T ) for the
samples of the ddl-series. Graphs adapted from Ref. H4.
are shown in Fig. 5.61 b). All αME -values increase quasi-linearly by 26± 3 % as the
temperature is increased from 10 to 300 K, indicating no change in the inherent cou-
pling mechanism. In contrast, for the dBGFO- and dBFO-series discussed above and
in Ref. 152, profound changes in the temperature dependence were found. However,
these sample series included only multilayers with double-layer thicknesses down to
30 nm, 15 nm and 23 nm for the dBFO-series from this work, from Ref. 152 and the
dBGFO-series, respectively. The maximum αME base values measured for these three
thinnest multilayers were, in the same order, 34.2 V cm−1 Oe−1, 55.5 V cm−1 Oe−1 and
50.8 V cm−1 Oe−1.
As shown in Fig. 5.61 a), all samples of the ddl -series showed roughly the same
UME -values, with the result of an increase of αME scaling approximately with 1/ddl.
Consequently, a new record value of 480.4 V cm−1 Oe−1 was measured for the thinnest
(ddl = 4.6 nm) multilayer, two orders of magnitude larger than the values reported for
BFO-multilayers [9,11,150]. Even the thickest 20.1 nm ddl sample reaches a αME-value
of 106.2 V cm−1 Oe−1, roughly twice the value previously reported for the thinnest
samples of the dBFO- and dBGFO-series. It has to be noted at this point that the
dBFO- and dBGFO-series were deposited in the older PLD-chamber G, while the samples
of the ddl -series were deposited in the newer chamber F. And while the deposition
conditions were re-created closely, due to the transition from one laser-system, lens
and chamber to another, minor changes were inevitably introduced. E.g. the actual
extension of the plasma plume was slightly reduced in chamber F, leading to a reduction
in bombardment damage. Furthermore, the use of a newer, slightly more dense, over-
stoichiometric BFO target could also have contributed to the further enhancement of
the αME -value.
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5.5.4 Summary and Discussion
With a maximum of 480.4 V cm−1 Oe−1 measured for the thinnest sample with a ddl
of 4.6 nm, we have realized the highest αME -value for BTO-BFO multilayers to date.
This off-resonance value ranges in the same order of magnitude as the largest values
at-resonance reported for laminated composites like langanate-Metglas [223] or AlN-
(Fe90Co10)78Si12B10 [224]. The presented ME coupling measurements demonstrate con-
flicting correlations between the αME -coefficient and a number of sample parameters.
The previously reported dependence of αME on pO2 during deposition disappeared,
when the double-layer thickness was kept constant. The minor variations of αME with
pO2 can be correlated with the average in-plane lattice parameter of the multilayer
structure and the remanent magnetization at 300 K. However, neither of these correla-
tions persists for the explicit variation of the BTO-BFO ratio under conservation of ddl,
which affects both parameters, but not the αME -value. Lowering the BFO-thickness
from around 50 to 5 nm while maintaining a constant BTO-thickness leads to a cou-
pled increase of the αME base value and transformation of the temperature dependence
from decreasing to increasing with rising temperature. For a large BFO thickness, the
temperature and - in case of the thickest sample of the dBGFO-series - the bias magnetic
field dependence resemble the behavior and strength of the ME coupling measured for
BFO single-layer films. All multilayer samples deposited in chamber F, which had
a maximum ddl of 22.5 nm, showed the same monotonically increasing temperature
dependence and higher αME base values than all previously investigated films.
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Figure 5.62: Overview of the (a) αME-coefficients and (b) UME-values of BTO-BFO multi-
layers measured at 300 K in 0 T as reported in Refs. a) 148, b) 149, c) H1, d) 152 , e) H3, f )
this work, g) 151, and h) H4. Blue data points: samples deposited at various oxygen pressures
with invariant pulse counts; green data points: samples deposited with variable BFO- and
fixed BTO-thickness; orange data points: samples deposited with fixed double-layer thickness
repeated 2-20 times; black data points: samples discussed in Sec. 5.5. Graph adapted from
Ref. H4.
135
Chapter 5. Results: BaTiO3–BiFeO3 Heterostructures
The most profound impact on the extent of αME at 300 K in 0 T was shown to
be the double-layer thickness. Fig. 5.62 re-contextualizes the αME -coefficients with
respect to ddl for the entirety of BTO-BFO multilayer samples investigated by this
group up until the publication of this thesis [147-149, 151, 182,H1,H3,H4]. Note the
logarithmic scaling of the αME y-axis in Fig. 5.62 a). As the double-layer thickness
decreases, αME increases for all sample series. Some individual samples fall behind,
but the graph suggests a maximum coupling coefficient in dependence of ddl , given
an optimized sample quality. As the overlap of blue and green data points (pO2 -
series and dBFO-series, respectively) shows, the variation of αME with pO2, previously
reported in Refs. 11 and 147, can readily explained by the differences in ddl . The
most recent samples, represented by black data points, reach the largest αME -values
measured for BTO-BFO multilayers so far. As the UME -values in Fig. 5.62 b) show,
the increase of αME with ddl has two general regions: above ∼20 nm, UME increases,
but saturates below this ddl -value. These two regions are also characterized by the
slow alteration of the temperature dependency with ddl above ∼20 nm, followed by
uniformly monotonically rising temperature dependency for films below 20 nm ddl.
These overall trends related to the double-layer thickness ddl , in combination with
with the dependence on the double-layer repetition n [151] (see orange data points in
Fig. 5.62), highly suggest an interface-driven origin of the enhanced ME coupling in
BTO-BFO multilayers. A coexistence with the conventional ME coupling inherit to
BFO single-layer films is likely, with a changing dominant contribution depending on
the ddl -value. This is supported by the shift in T -dependence [152].
Pinpointing the exact underlying physical phenomenon that mediates this enhanced,
likely interface-driven ME coupling is, however, far from trivial. The coexistence of mul-
tiple ferroelecric, magnetic and other ferroic order parameters within multiferroic thin
films alone is the topic of wide ranging discussions. In laminated or epitaxial thin film
heterostructures, discontinuity-related phenomena arise at the interfaces, additionally.
The most commonly cited coupling mechanism in artificial multiferroic heterostruc-
tures is generally the, more or less macroscopic, strain-coupling of a piezoelectric and
a magnetostrictive phase [5, 10, 27, 225, 226]. When considering lower-scale epitaxial
heterostructures, several additional interface-driven phenomena need to be considered.
In particular in the case of perovskite oxide heterostructures, various oxygen octahe-
dral tilt (OOT) systems, which are deeply entwined with the nano-scale ferroic order
in these materials, have to be consolidated with one another the interfaces [187, 227].
In connection with the discontinuities arising in the electronic configurations at the
interfaces, novel ME-coupling mechanisms driven by charge-ordering [34] and orbital-
reconstruction [33,34] were recently discovered.
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In previous publications, we have hypothesized that strain-coupling plays a central
role in the enhanced ME coupling measured in BTO-BFO multilayers [149, 152]. The
strongest argument for strain-mediation lies within the rising αME -value with rising
temperature for low-ddl multilayer samples. The temperature dependence of both the
magnetostrictive and piezoelectric coefficients, which influence the strain-mediated ME
coupling as a product property, for perovskite ferroics increases with rising tempera-
ture, as literature confirms for materials like PZT [228] and bulk BTO-BFO compos-
ites [229]. However, theoretical calculations [26, 27] predict a strong dependence of
the strength of ME coupling on the composition of strain-mediated heterostructures,
which has also been confirmed experimentally [5, 10, 225]. Such an effect is clearly
absent in BTO-BFO multilayers, as both our experiments on BFO-thickness varia-
tion [152,H3] and constant-ddl ratio-variation [H4] show. Furthermore, most strain-
mediated heterostructures reported in literature rather show a decline of αME with
rising temperature [29,230], though various other temperature dependencies have also
been published [223]. Furthermore, the saturating behavior found for BTO-BFO multi-
layers in increasing magnetic bias fields also does not match experimental observations
on strain-mediated heterostructures [226,231].
It is possible that strain-mediated ME coupling coexists with another coupling mech-
anism in BTO-BFO multilayers, leading to a thickness dependent competition of the
dominant effect. A number of heterostructure material systems, for which such a
cross-over of the dominant ME coupling mechanism occurs in response to thickness-
variations, have been identified in recent years. For example, a change from strain- to
charge-mediated ME coupling was found to exist in La0.7Sr0.3MnO3/PbZr0.2Ti0.8O3 [30]
and Permalloy/PMN-PT [31] heterostructures. Likewise, Hu et al. point out a transi-
tion thickness in Fe/BaTiO3 and (La, Sr)MnO3/BaTiO3 heterostructures, below which
charge, not strain, becomes the dominant factor. However, such interface driven phe-
nomena as charge-ordering and interfacial orbital reconstruction commonly produce
much smaller effects (in the range of a few 10−3 V cm−1 Oe−1, rather than V cm−1 Oe−1)
than we have measured for BTO-BFO multilayers [33,34].
As we have hinted at before, another phenomenon inherent to perovskite oxides,
namely oxygen octahedral tilt (OOT), has recently risen to the attention of the sci-
entific community as a potential source of interface functionalisation [37]. At the in-
terfaces of tetragonal BTO and rhombohedral BFO, not only two different systems of
ferroelectric polarization directions coincide (along the [001]-direction for BTO, along
the 〈111〉p.c.-directions for BFO), but also a0a0a0 and a−a−a− OOT systems (in Glazer
notation [48]). OOT, which directly affects bond angles, plays a crucial role deter-
mining many key properties of oxide materials, in particular ferroelectric and mag-
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netic order [37]. In the particular case of BFO, the high angle of OOT of up to 14◦
is linked to both the canted anti-ferromagnetism and magnetoelectric effect via the
Dzyaloshinsky-Moriya vector [69]. The influence of a disruption of a OOT-system via
geometric constraints can penetrate up to a few nm into an adjacent layer [35,37,187].
In fact, our own investigations using HR-TEM imaging have unearthed a correlation
of antiphase octahedral rotations with an enhanced αME -coefficient [148].
A final contributing factor that may help explain the drastically enhanced ME-
coupling measured in BTO-BFOmultilayers is the effect of imprint discussed in Sec. 5.1.5.
This self-poling effect is likely the reason why we are able to measure a ME coupling
effect without a prior ferroelectric poling procedure. A possible interplay with the
electrical discontinuity introduced by the confrontation of the [001]- and 〈111〉p.c. po-
larization directions at the BTO-BFO interfaces should also be considered. As a clos-
ing remark, eliminating the influence of stray electrical signals in the newly built ME
measurement setup in Leipzig, described in Appendix. A, is till an ongoing effort. If
successful, it would be of immense interest to perform additional αME -measurements




The field of multiferroic magnetoelectrics has seen a lot of attention from the scientific
community in the past two decades. This has led to a number of advancements in this
field of study towards the enhancement and applicability of the ME effect. The most
promising route was determined to be the implementation of heterostructure architec-
tures, which has led to the discovery of a number of novel effects. However, a deeper
understanding of the origin and mechanism of ME coupling in heterostructures is still
lacking. In this thesis, we have explored the enhanced ME coupling in multilayers of
BaTiO3 and BiFeO3 deposited on SrTiO3 single crystals by PLD. We used a phe-
nomenological approach, exploring the ME effect in BTO-BFO multilayers, centered
around the growth and design of these multilayers.
In Chapter 1, the topic was introduced and motivated. Chapter 2 gave an overview
of the underlying theory of intrinsic and extrinsic multiferroics and magnetoelectric
coupling therein. The key properties of the constituent materials BTO and BFO were
summarized in Chapter 3. BFO, as one of the few intrinsic room temperature multifer-
roics, has been the issue of vast amounts of research, since the discovery of a significant
ME coupling effect in thin film form [9]. A great deal of studies consequently exists
on BFO-based heterostructures, as portrayed in Section 3.5. The previous efforts un-
dertaken towards the exploration of BTO-BFO heterostructures by the Semiconductor
Physics group at the University of Leipzig in cooperation with our colleagues from
the KU Leuven, Belgium, within the framework of the collaborative research center
SFB 762: Functionality of Oxide Interfaces were described in Section 3.5.4. The ex-
perimental techniques employed in the course of this thesis were presented in Chapter 4.
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Results
In chapter Chapter 5, we discussed the experimental results gained within the frame-
work of this thesis. By combination of a variation of deposition parameters and design
choices with structural (XRD, TEM), morphological (LSM, AFM, TEM), chemical
(TEM-EDX, ToF-SIMS) and ferroic (DHM, VSM, αME ) measurements, we explored
the growth and characteristics of BTO-BFO multilayers. We first presented the general
properties of BTO-BFO multilayers in comparison to single-layers of the constituent
materials in Sec. 5.1. We proceeded to explore the implications of various growth condi-
tions (Sec. 5.2) and multilayer design choices (Sec. 5.3). The usefulness of eclipse-PLD
was discussed in Sec. 5.4. We concluded the chapter on the experimental results with
measurements of the ME coupling BTO-BFO multilayers in Sec. 5.5. In the following,
we give will a brief summary of the respective sections.
General Properties of Single-layers and multilayers of BTO and BFO
The single-layer samples of BTO and BFO deposited on STO substrates throughout
the framework of this thesis grow relaxed, i.e. free from IP strain with respect to the
substrate. Both materials occur in their respective bulk symmetries. In HR-TEM
investigations we were able to show that the epitaxial strain caused by the lattice
parameter mismatch between sample and film is relaxed within the first 3 nm of BTO
layer. Multilayers of BTO-BFO showed a lower mosaicity and surface roughness than
respective single-layers of similar thickness.
In TEM measurements of high quality multilayer samples, evidence for the BFO-
inherent a−a−a− OOT was shown to be confined to the BFO sub-layers. For all mul-
tilayer samples, the BTO sub-layers show c-domains aligned with the OOP axis of the
substrate. Ferroelectric switching peaks and slim ferromagnet-like magnetic hystereses
were measured for all multilayer films. The leakage current in ferroelectric hysteresis
measurements was drastically lower in BTO-BFO multilayers compared to BTO and
BFO single-layers. However, electric breakdown fields were often barely larger than the
coercive fields and saturation magnetization values did not always conform to simple
trends. Both these detrimental phenomena were found to be connected to the presence
of droplets. These large particles, consisting primarily of iron oxide, are generated
during the laser ablation of BFO during deposition.
Overall, the arrangement of BTO and BFO into multilayers is advantageous for the




We re-evaluated the deposition conditions used in our group’s former publications to
deepen our knowledge of the growth process, optimize sample quality and facilitate the
re-production of previous results in a newly built deposition chamber. The deposition
temperature range of 670 to 700 ◦C produces the multilayer samples with the lowest
surface roughness, while temperatures below 600 ◦C leads to the formation of parasitic
phases and temperatures above 700 ◦C cause pitting. Lowering the deposition pressure
from 0.25 to 0.01 mbar significantly increases interface roughness and mosaic tilt, which
re-affirmed pO2 = 0.25 mbar as the ideal pressure for high quality BTO-BFO multilayer
growth. At a laser fluence of ρL = 2 J cm−2, the highest combined growth rate was
achieved. Increasing ρL beyond this value leads to a drastic increase of the droplet
particle density and should hence be avoided. A promising route to mitigate the
number of droplets on the sample surface is the increase of lateral offset between the
substrate and ablation target rotation axes, however this also causes an inadvertent
surge of surface roughness.
Multilayer Design
We explored three adjustments to the multilayer design: first, we varied the sub-layer
thickness of the BFO layers from nominally 5 to 50 nm, while maintaining a constant
BTO thickness; second, we adjusted the BTO-BFO thickness ratio in the range of 0.1 to
0.8 while maintaining a double-layer thickness of 20 nm; third, we changed the double-
layer thickness from 20 nm down to 4.6 nm while adhering to a BTO-BFO thickness
ratio of 1 : 1. Changes to the BTO-BFO thickness ratio tune the average IP lattice
parameter linearly from the value of a relaxed single-layer of BFO to that of a relaxed
single-layer pf BTO. The overall double-layer thickness has no effect on the lattice
parameters throughout the thickness range explored. These results were confirmed
both by XRD RSM measurements and HR-TEM imaging. The ideal thickness ratio
range was found to be in the range from 0.6 to 0.8 dBTO/ddl. Higher BTO content leads
to heightened interface roughness and very low BTO content leads to a large number of
misaligned grains. Furthermore, the remanent magnetization increases with decreasing
BFO thickness. Tentative OOP VSM measurements support findings by Lazenka et al.
[151], who found an increasing perpendicular magnetic anisotropy with decreasing BFO
thickness. Due to the low saturation magnetization of the multilayers (∼0.02µB/f.u.)
and the premature electric breakdown during ferroelectric measurements, a thorough
systematic analysis of the ferromagnetic and ferroelectric properties with respect to
deposition parameters and design were not possible.
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Eclipse-PLD
The introduction of a shadow mask between ablation target and substrate was shown
to be an efficient strategy to eradicate the presence of droplet particles. The multi-
layer samples produced by this so-called eclipse-PLD showed particularly low interface
and surface roughness, even at a total thickness of up to 0.5 µm. TEM measurements
revealed particularly low defect densities in multilayers grown by this technique. Most
importantly, the electric breakdown field was improved from 0.8 MV cm−1, for multi-
layers deposited by conventional PLD, to on average 3.2 MV cm−1. Consequently, fully
saturated ferroelectric hysteresis loops could reliably be recorded for BTO-BFO multi-
layers deposited by eclipse-PLD. The reduced interface roughness is advantageous for
advanced depth-profiling techniques. Accordingly, we were able to show the absence
of inter-diffusion between the sub-layers in 3D ToF-SIMS measurements and have con-
ducted preliminary PNR measurements, aimed at generating electric field dependent
magnetic depth profiles.
Enhanced ME coupling in BTO-BFO multilayers
We have measured the magnetoelectric coupling coefficients of a number of sample se-
ries deliberately designed to distinguish the influence of oxygen pressure during growth,
BTO-BFO thickness ratio and double-layer thickness. The multilayer samples showed
characteristic saturating bias field dependence across all series, distinct from the behav-
ior of single-layers. The temperature dependence changes from falling to rising with the
measurement temperature, as the double-layer thickness is lowered. The BTO-BFO
thickness ratio appears to have little to no influence over the value of αME at 300 K
and 0 T. The reduction of the double-layer thickness, however, enhances the αME-value
significantly and leads to a 1/ddl-dependency below a double-layer thickness of approxi-
mately 20 nm. A previously reported reduction of αME with decreasing oxygen pressure
during deposition could not be re-produced, the former results are likely also due to
changing double-layer thicknesses of the samples. All multilayers except the samples
with ddl > 50 nm showed significantly higher ME-coefficients then the 4 V cm−1 Oe−1
measured for BFO single-layers. The record value of 480 V cm−1 Oe−1 was measured
for a sample with only 4.6 nm ddl , equivalent of ∼ 6 unit cells of BTO and BFO per
double-layer. From the characteristic dependencies on the magnetic bias field and tem-
perature, as well as the double-layer thickness, we concluded an interface-dependent
coupling mechanism at the core of the enhanced ME effect in BTO-BFO multilayers.
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Outlook
We were able to significantly increase our sample quality through the application of
eclipse-PLD. More importantly, we were able to increase the off-resonance room tem-
perature magnetoelectric coupling in BTO-BFO multilayers to rival the magnitude
of αME measured at resonance for the strongest magnetoelectric materials currently
known [2]. The gathered experimental evidence points to an interface-driven ME effect
that enhances, or rather transforms the magnetoelectric coupling in BTO-BFO multi-
layers relative to BFO single-layers. Conventional strain-coupling is not supported by
the independence on the constituent material ratio, nor are effects like charge transfer
or orbital reconstruction likely candidates, as they generally do not produce ME effects
in the presented order of magnitude. We have suggested the conflict of differing fer-
roelectric polarization directions and incompatibility of OOT systems at the interfaces
as possible fields of inquiry for future work, as both are directly linked to both the
magnetic and ferroelectric order in the multilayers. A crucial next step in the investi-
gation of the interface geometry could be the use of advanced TEM techniques. With
high quality samples, such as the samples obtained by eclipse-PLD recently, unit-cell
resolved mapping of the oxygen octahedra [185] and nano-scale ferroelectriciy [232] is
possible, which could be supplemented by magnetic domain sensitive techniques like
Lorentz -TEM. As we have shown in our preliminary measurements, PNR is another
promising technique, which could reveal the magnetic depth profile in BTO-BFO mul-
tilayer samples. Additional steps should be taken to maximize the observable signal,
e.g. increasing the number of double-layers and adjusting the measurement layout to a
longitudinal geometry.
Ultimately, comprehension of the ME coupling mechanism in BTO-BFO multilay-
ers will require a consolidation of detailed structural and ferroic measurements with
simulation. Recently, Wang et al. have published a study on BTO-BFO multilayers
employing density functional theory [233]. They used a simplified model, assuming
tetragonal symmetry for both BTO and BFO with both ferroelectric polarization axes
parallel to the OOP direction. They point out the central role of the Dzyaloshinsky-
Moriya interaction vector, which mediates the ME-coupling in BFO, as well as the
discontinuity of the electronic configuration and polarization of the sub-layers.
In conclusion, the study of BTO-BFO multilayers revealed an effective tool to en-
hance the ME effect in multiferroic heterostructures by means of design. With this,






Figure A.1: Photographic image of the ME measurement setup
Within the course of this thesis, a reproduction of the magnetoelectric voltage mea-
surement setup that was used at the KU Leuven in Belgium was built. The setup
is built to operate in a LOT Quantum Design PPMS, the sample holder, depicted in
Fig. A.1 is a based on a standard PPMS sample puck. The other main components,
as discussed in Sec. 4.7, are a solenoid, a Keithley 6221 AC current source and a Stan-
ford Research SR830 lock-in amplifier. The sample holder and solenoid were built in
cooperation within the project SFB762 at the University of Halle with the kind help
of Prof. Ebbinghaus. The following specifications apply to the solenoid-sample holder
combination:
• N = 1174 windings of 0.14 mm enameled copper wire
• Solenoid height l 20 mm, diameter d 18 mm
• Sample holder height places the film surface of a 0.5 mm thick sample exactly in
the center
• DC resistance 80.7Ω
• Up to 8 sample contacts
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Figure A.2: Field calculations inside a solenoid.
The magnetic induction B of an ideal solenoid of length l with with N windings





For the given solenoid, a 10 mA current would result in an induction of 7.38 Gauss or
a H-field in air of 7.38 Oe. The field H(x, l, d) in a finite solenoid with diameter d at










d2 + (l − 2x)2
, (A.2)
as depicted for a fixed diameter of 18 mm and various lengths in Fig. A.2 a). For a
solenoid with l = 20 mm, the variation of H(x) within ±1 mm of the center position is
only ±0.36 %. The relative field in the center of an arbitrarily long and thick solenoid
simplifies to:




which results in an approximate field of 0.743×7.38 Oe = 5.48 Oe for our solenoid. The
DC magnetic field generated in the center of the solenoid was measured in the range of
5 to 100 mA with a commercial DC teslameter inside the sample wiring test station (see
Fig. A.3 a)). For AC field measurements, a Honeywell SS495A1 integrated circuit linear
Hall -sensor operated at 5 V DC with an output of 3.125± 0.094 mV/Gauss and a null-
voltage of 2.500± 0.075 V was used. The frequency dependent output was measured
with a lock-in amplifier in the sample wiring test station and inside the PPMS with
a peak current of 10 mA at frequencies from 10 to 10 000 Hz (see Fig. A.3 b)). With
5.3 Oe DC and 5.37 Oe at 10 Hz AC, the measured values fall only slightly short of the
above approximation. The DC current dependence is perfectly linear as to be expected,
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 10 mA in test-station
 10 mA inside PPMS
Figure A.3: Measured H-field in the center of the solenoid (a) measured with a DC tes-
lameter at different current settings, (b) measured with a Hall -sensor at different frequencies
both in the sample wiring test station and inside the PPMS.
with a slope of 5.29± 0.01 Oe/mA. The frequency dependence in the test fixture and
inside the PPMS differ significantly. In the test-fixture, H is largely independent of f
up to ca. 2 kHz. However, the field generated by the solenoid inside the PPMS varies
strongly with f .
To test the measurement setup, we measured a number of test samples which show
no ME-coupling, such as glass-substrates, a BTO-single-layer and a parallel connected
pair capacitor and resistor. Additionally, we checked a BFO single-layer and some
BTO-BFO multilayers, which were previously measured at the KU Leuven. A number
of different cables, connection schemes, shielding setups, and Lock-In settings, both
inside the PPMS and in the test fixture, using an AC magnetic field of 10 Oe. The
overall functionality of the measurement setup has been confirmed in principle by
the Hall -sensor measurements, which appeared to be free of significant noise levels.
The voltage recorded for the Hall -sensor also lies in the same mV-range as the signal
expected for our multilayer samples. However, all test samples showed signals in the
10 to 50 µV-range. For comparison, the inductive voltage of a conductive loop with
an area of 10 mm2 showed an inductive voltage of 25 µV. Unlike the inductive voltage
of the loop, or the signal of the Hall -sensor, however, the voltage measured for the
test samples varied widely with any changes to the setup settings, which could not be
explained or alleviated. As a last resort, we added a high-impedance pre-amplifier to
the system, which is generally used to reduce the noise level in voltage measurements
performed on high-impedance samples, but to no avail.
Likewise, the original setup in Leuven is currently not operational. Finding the actual
source of error is likely to require the concentrated efforts of a few dedicated scientists





We checked the magnetic field hysteresis of the superconducting magnet using the para-
magnetic palladium sample provided by Quantum Design. Presented in Fig. B.1 are
m(µ0H)-curves measured on the Pd sample at 10 K, 150 K and 300 K. In the −4 to 4 T
range presented, the magnetization is linear with the applied field, as expected. As the
insert shows, a small hysteresis of <2 mT exists. This minor offset is an artifact caused
by processes like flux trapping in the superconducting magnet. Typical magnetic co-
ercive fields measured for the multilayer samples in this thesis are just one order of
magnitude larger, which is nor cause to assume the films’ hysteresis is an artifact, but
serves as a caveat for the evaluation of absolute coercive field values.
Magnetization measurements were also performed on bare substrate holders. Pre-
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Figure B.1: Magnetization loops measured for the palladium test sample at 10 K, 150 K and
300 K in the field range of −4 to 4 T.
sented in Fig. B.2 a) are magnetization measurements of a quartz sample holder used
for in-plane magnetization measurements. Surprisingly, the sample holder shows a
non-linearity at around 5 T, which disappears at 10 K. A similar non-linearity was also
measured for the brass sample holder with quartz brackets used for out-of-plane mea-
surements, as shown in Fig. B.2 b). Such non-linearity can originate from impurities
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Appendix B. Magnetic Background Measurements
in the quartz component, but is poorly understood. A typical multilayer of BTO-BFO
shows a saturation magnetization of only ∼15 µ emu, in the same order of magnitude
as the non-linearstray magnetic signal from the sample holders. Consequently, we have
limited our magnetic hysteresis measurements to the range of −4 to 4 T.
Fig. B.3 shows a comparison of magnetic hysteresis measurements of a quartz sample
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Figure B.2: Magnetization loops measured for (a) the quartz sample holder used for in-
plane measurements at 10 K, 150 K and 300 K in the field range of −9 to 9 T and (b) The
brass sample holder and quartz brackets used for out-of-plane measurements at 300 K in the
field range of −9 to 9 T.
holder, an annealed STO substrate and a typical BTO-BFO multilayer. In the range
of −4 to 4 T, the magnetic background signal from the sample holder is insignificant,
when compared to the signal obtained for the multilayer. As the red curve shows, we
have measured a minor ferromagnet-like signal for the STO substrate, which, however,
does not saturate and shows only a hysteresis in the order of magnitude found also for
the Pd reference sample. Hence, these stray signals are noteworthy when compared to
the weak magnetic signal of the multilayers, but can be easily distinguished.
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Figure B.3: Magnetization loops measured for a quartz sample holder, an annealed STO




The polarized neutron reflectometry (PNR) experiments percormed in the framework of
this thesis were conducted at the NREX reflectometer, at the Research Neutron Source
Heinz Maier-Leibnitz (MLZ, FRM II), operated by the Max Planck Institute for Solid
State Research. The experiments were made possible thanks to the research grant by
the MLZ organization. Johanna K. Jochum acted as the instigator main proposer for
the grant proposal no 15287: “To unravel the mechanism of the ME coupling in BTO-
BFO superlattices and the effect of epitaxial strain in BFO layers on magnetoelectricity,
we have to study their magnetic behavior while applying an electric field. We therefore
propose to determine the magnetization depth profile of the BTO-BFO superlattices
with different BFO layer thicknesses using polarized neutron reflectivity (PNR) during
the application of an electric field. PNR with neutron spin analysis is the ideal method
to study such superlattice structures, since it allows the resolution of the magnetization
direction and amplitude along the depth of the film as well as within the individual
layers.” (excerpt fro the proposal). The experiments were performed primarily by the
beamline scientist Yury Khaydukov. The reflectometer NREX, depicted in Fig. C.1,
operates at a wavelength of 4.28Å and can apply in-plane magnetic fields of up to
7.5 T [221].
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Appendix C. Polarized Neutron Reflectometry
Figure C.1: (a) Schematic setup of the polarized neutron reflectometer NREX, adapted
from Ref. 221, (b) photo of the capacitive high-voltage sample holder.
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